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ABSTRACT 
This dissertation details the progress made in the catalytic, nucleophilic allylation of 
aldehydes, as mediated through the action of the Water-Gas Shift reaction (WGSR). Through 
this work, three main objectives were sought. Firstly, an expansion of the scope of the allyl pro-
nucleophile as a way to both improve the synthetic utility of the reaction and explore steric and 
electronic effects of the allyl pro-nucleophile on the course of the reaction. This effort resulted in 
the successful application of five different 2-subtituted allyl acetates and an additional two non-
symmetrical allyl pro-nucleophiles across a range of aldehydes in good to excellent yield with 
high regioselectivity in the case of the non-symmetrical allyl sources. Furthermore, the highly 
chemoselective nature of the reaction was further revealed as both ketone and ester containing 
allyl sources were not shown to be subjected to an allylation reaction of the carbonyl. Next, an 
efficient means to render the allylation reaction enantioselective was sought through the addition 
of both free chiral ligand and pre-complexed metal catalysts. While successful in the generation 
of enantioenriched homoallylic alcohol products, synthetically viable er values were not able to 
be obtained using the current class of ligand backbones. Finally, several alternative methods 
were explored to enhance the utility of the WGS allylation reaction, including substitution of a 
more readily available metal catalyst and photochemical activation. Ultimately, each of these 
efforts did not result in a more efficient allylation reaction than the thermally activated 
ruthenium-catalyze reaction. 
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Chapter 1:  
Investigations into the allyl pro-nucleophile source for the ruthenium-
catalyzed allylation of aldehydes, mediated by the Water-Gas Shift 
reaction 
 
1.1. INTRODUCTION 
The quintessential transformation in organic synthesis is the formation of a carbon-carbon 
bond. One of the more commonly applied methods to generate this bond, which has been 
extensively studied, is the allylation of carbonyl compounds due to the impressive versatility and 
capacity to generate two new stereogenic centers with high levels of stereocontrol.1 The major 
drawback with many of the current allylation methods is the requirement of a pre-formed 
allylmetal species and thus, the production of significant amounts of metal waste and a lack of 
atom-economy. In response to this shortcoming, efforts have been directed to develop reactions 
that are catalytic in metal.2 One such method is the ruthenium-catalyzed allylation reaction, 
recently developed by these laboratories, which uses carbon monoxide as the stoichiometric 
reductant and only produces AcOH and CO2 as the stoichiometric, environmentally benign 
byproducts.3 The process by which this reaction uses CO as the terminal reductant is known as 
the Water-Gas Shift reaction (WGSR), a transformation of long-standing industrial relevance 
that converts a mixture of carbon monoxide and water into hydrogen and carbon dioxide (Eq. 
1.1).4 
  (1.1) 
Industrially, this reaction is used to refine synthesis gas (CO + H2), as the ratio of CO to H2 
can vary based on the method of production.5 As industrial processes require specific 
percentages for each gas for high efficiency, the WGSR can adjust this ratio to the optimal value 
or remove CO altogether by converting it to CO2. One specific application for the WGSR is that 
of the Haber-Bosch process for ammonia synthesis,6 where CO is removed from synthesis gas, 
producing high purity H2 and avoiding poisoning of the Fe-based ammonia synthesis catalyst. 
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Furthermore, the Fischer-Tropsch process for producing hydrocarbons and the production of 
methanol from synthesis gas are industrial applications of the WGSR.7 
More interestingly from an organic synthetic chemist’s perspective, is the application of the 
WGSR in organic synthesis, most predominately as a reductive process. For these reactions, the 
reductive potential of the WSGR is employed to either reduce organic compounds or aid in the 
turnover of a catalytic cycle. These reactions include hydroformylations, nitro reductions, 
reductive aminations, and hydrogenation of carbonyls and alkenes.8 One of the chief promoting 
factors for the use of the WGSR in organic synthesis is the strict avoidance of other 
stoichiometric reduction agents as are typically employed in these reductive processes. This is in 
line with the first of the “Grand Challenges” identified by the NRC report “Sustainability in the 
Chemical Industry” which calls for the reduction of waste and the identification of 
environmentally benign strategies (“it is better to prevent waste than to clean it up after it is 
formed”).9 Although the ruthenium-catalyzed method aforementioned is therefore not truly 
catalytic in reductant, the use of CO as the terminal reductant stands out among other 
stoichiometric reducing agents because of the negligible impact of the waste that it produces. 
1.2. BACKGROUND 
1.2.1. Classes of Carbonyl Allylation Reactions 
The allylation of carbonyl compounds can be divided into two major classes based on the 
reactivity of the allyl source. The first class includes nucleophilic allyl sources employing allyl 
metal (Li, Mg, Zn, Sn, Ti) and semimetal (B, Si) reagents. The second class includes allyl 
sources that are non-nucleophilic and include examples such as alkenes, allyl halides, allyl 
alcohols, and allyl acetates. Each of these two classes has both advantages and disadvantages 
associated with their application in organic synthesis. 
 
1.2.2. Allylation with Nucleophilic Allyl Sources 
Following the general reaction shown in Scheme 1.1, nucleophilic allyl sources are capable 
of producing a wide range of homoallylic alcohols through addition of the allyl metal reagent 
into the carbonyl compounds and often include catalytic amounts of Lewis acids and bases or 
Brønsted acids.10  
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SCHEME 1.1. 
 
While the addition of organometals to carbonyl compounds has been known since the work 
of Grignard in 1900,11 the beginnings modern of carbonyl allylation chemistry can be traced to 
the application of isolable allyl boron12 and allyl silane13 reagents (Scheme 1.2).  These 
discoveries revealed the potential for semimetal-based organometal reagents to undergo the 
processes formerly only thought to be possible via organometallic reagents. 
SCHEME 1.2. 
 
These seminal works inspired the development of chirally-modified allylmetal reagents 
(involving Cr, Sn, Si, B, and Ti) and gave rise to numerous protocols for the asymmetric 
allylation of carbonyl compounds (Scheme 1.3). The first such example employed a (+)-camphor 
bound allylboron reagent that generated homoallylic alcohol products in modest 
enantioenrichment.14 Brown et al. later designed an allylboron reagent bound to a (+)-α-pinene 
derivative 9 to achieve high yields of highly enantioenriched products, a process that is still of 
 
SCHEME 1.3. 
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great utility today in organic synthesis.15 A more modern technique is demonstrated through the 
use of a strained chiral silacycle allylation agent, designed by Leighton et al. The use of this silyl 
allylation agent is a marked improvement over previous boron-based allylation reagents owing to 
its increased stability and, therefore, a longer shelf life, a useful feature for synthetic chemistry.16 
Each of these methodologies, while effective, relies on the stoichiometric use of a preformed, 
chiral, allyl metal reagent. The use of a catalytic amount of Lewis base to impart the chiral 
information onto the carbonyl allylation or a substoichiometric amount of another, chiral Lewis 
acid can bypass this limitation (Scheme 1.4). The allylation of benzaldehyde with an allyl silane 
proceeds in high yields and enantioselectivity through the use of organocatalyst L1.1. This work 
of Denmark et al. is all the more important as it proceeds by way of a closed transition state with 
L1.1 and thereby allows for the selective formation of syn and anti products based upon the 
double bond geometry of the starting allylation agent.17 Through the application of a chiral 
Lewis acid complex employing BINOL, Loh et al. have developed a methodology to utilize 
allylstannane to create homoallylic alcohols in high er.18 Zhao et al. has further developed the 
work by Denmark et al. in the application of Cinchona alkaloid L1.2, allowing for the successful 
allylation of aliphatic aldehydes in high enantioenrichment.19 
SCHEME 1.4. 
  
 
Other methods by which a substoichiometric amount of chiral ligand are used have also been 
developed and employ chiral Brønsted acids or diols to produce highly enantioenriched 
5 
 
homoallylic products (Scheme 1.5). A chiral tin-bound diol catalyst (Cat 1.1) was used by Hall 
et al. to synthesize homoallylic alcohol in high yield and enantioenrichment (99%, 85.5:14.5 
er).20 Antilla et al. similarly employed an allylboron reagent and a chiral BINOL-phosphoric acid 
L1.3 to produce excellent yields of homoallylic alcohol with high enantioenrichment (99%, 99:1 
er).21  
SCHEME 1.5. 
 
The substoichiometric use of a ligand or activator is a significant improvement over the 
chiral-preformed allylation reagent, thereby reducing the waste of enantioenriched material 
(Schemes 6 & 7). However, in all of these examples, the use of a pre-reduced ally source is key 
to their reactivity towards carbonyls. While effective, this does involve the prior synthesis of the 
allylation reagent, often from allyl halides. 
 
1.2.3. Allylation with Non-Nucleophilic Allyl Sources (Stoichiometric Metal Use) 
The use of non-nucleophilic allyl sources is an improvement over nucleophilic allyl sources 
as they do not require the pre-formation of organometallic reagents. Furthermore, these allyl 
sources are typically less expensive starting materials. In lieu of the use of pre-reduced allylation 
reagents, many of these methods instead require the stoichiometric use of metals as reductants, 
thereby still producing significant amounts of inorganic waste. 
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1.2.3.1. Direct Use of Allyl Halides. Allyl halides are reactive electrophiles and, as such, are 
highly corrosive and prone to forming homo-coupled products. They are often employed as the 
allyl source in a carbonyl allylation reaction when combined with non-transition metal sources to 
form σ-allyl complexes or with transition metal sources to form π-allyl complexes (Scheme 1.6). 
These complexes are typically formed in the presence of the carbonyl compounds, thereby 
allowing for more facile reaction assemblies. As some of the metals involved in the carbonyl 
allylation are highly toxic, methods have been developed to include a less toxic metal in 
stoichiometric amounts to act as the required reductant.22  
SCHEME 1.6. 
 
Both the σ-allyl and π-allyl complexes have been employed in the allylations of aldehydes 
and some have been further developed to render the reaction enantioselective (Scheme 1.7). In an 
earlier asymmetric example, Kibayashi et al. applied a chiral allyl chromium reagent, that was 
created in situ from CrCl2, a chiral amide, and allyl bromide, in an allylation of benzaldehyde to 
generate product in moderate yield with a high enantioenrichment (62%, 91:9 er).23 In a more 
recent enantioselective example, Paterson et al. used substoichiometric amounts of CrCl3 and 
chiral salen ligand L1.4 with a superstoichiometric amount of manganese to synthesize product 
in high yield and enantioenrichment (72%, 95:5 er).24 In a non-enantioselective example for the 
use of allyl halides, Liu and Guo employed superstoichiometric amount of SnCl2 in a reaction 
between allyl halides and aldehydes to form product homoallylic alcohols in moderate to 
excellent yield depending on the allyl halide employed (99% for allyl bromide and 51% for allyl 
chloride).25  
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SCHEME 1.7. 
 
1.2.3.2. Use of Allyl Alcohols. The use of allyl alcohols in carbonyl allylations is attractive 
due to their cost typically being lower than allyl halides. In addition, allyl alcohols offer physical 
properties, such as high boiling points and low corrosiveness, which are more amenable to 
industrial processes. These advantages are counterbalanced, however, by the low relative 
reactivity of allyl alcohol as compared to allyl halides. To overcome this limitation, reactions 
employing allyl alcohol as the allyl source must also include metal reagents to serve the purposes 
of both activator and stoichiometric reductant (Scheme 1.8). For example, Tamaru et al. 
employed Pd(OAc)2 as the activator and Et2Zn as the stoichiometric reductant in the allylation of 
aldehydes with allyl alcohol in the formation of product in high yield (93%).26 Roy et al. were 
able to reduce the amount of superstoichiometric metal reductant in their allylation of aldehydes 
with allyl alcohols employing an iridium catalyst and SnCl2 as activator and reductant, 
respectively, in synthesizing homoallylic alcohol in high yield (94%).27 Employing the pincer 
complex palladium/selenium catalyst Cat 1.2 and (B(OH)2)2, Szabó et al. have developed a one-
pot allylation of benzaldehyde with a di-allyl alcohol to furnish homoallylic alcohol in good 
yield (82%).28 This stoichiometric use of metal still causes complications in terms of poor atom 
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economy and generation of inorganic waste, however, and methods to reduce the quantity of 
metal are highly desired. 
SCHEME 1.8. 
 
1.2.4. Allylation with Non-Nucleophilic Allyl Sources (Substoichiometric Metal Use) 
An ideal carbonyl allylation reaction uses allyl sources which do not require the 
stoichiometric use of metal reagents. Substoichiometric amounts of metal catalysts or Lewis 
acids can perform many of the same reactions as the stoichiometric metals and generate less 
metal waste. As some of these reactions do not employ metals as the reductant for the catalytic 
cycle, other means of allowing for catalyst turnover must be employed.  
 
1.2.4.1. Carbonyl Ene Reaction. Another method in which the formal allylation of carbonyl 
compounds can be achieved, and in high atom economy, is the carbonyl ene reaction. This 
reaction is a six-electron pericyclic process between an olefin bearing an allylic hydrogen and an 
enophile, which is typically an electron–deficient multiple bond (Scheme 1.9).29 It was first 
identified by Alder in 1950 and is mechanistically similar to the Diels-Alder reaction, but 
required higher temperatures due to the inclusion of two allylic C–H σ-bonds, opposed to the use 
of only π-bond electrons in the Diels-Alder reaction.30  
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SCHEME 1.9. 
 
In terms of atom economy, the carbonyl ene reaction is ideal, as all of the atoms present in 
the starting materials are included in the product (Scheme 1.10). However, as this reaction 
requires the use of fairly electron deficient multiple bonds, the substrate scope for this reaction 
does suffer. With the use of a highly electron-deficient carbonyl and the aid of SnCl4, Fokin et al. 
were able to synthesize homoallylic alcohols in good yield from propene.31 Several asymmetric 
methodologies have also been developed using Lewis acid catalysts to bypass this limitation and 
allow products to be synthesized with modest enantioenrichment. For example, Carreira et al. 
has employed ligand L1.5 and a titanium Lewis acid to achieve high levels of enantioselectivity 
in the generation of product from inactivated aldehydes.32 Despite this improvement, alternative 
methods for the formation of homoallylic alcohols in high efficiency are warranted. 
SCHEME 1.10. 
 
 
1.2.4.2. Transfer Hydrogenative C–C Bond Formation. Krische et al. have developed a 
catalytic, enantioselective allylation of aldehydes that employs an iridium-based transfer 
hydrogenation catalyst to produce homoallylic alcohols in high yield and enantioselectivity 
starting from allylic acetates, dienes, or allenes (Scheme 1.11). Employing i-PrOH as the 
stoichiometric reductant, Krische et al. have combined 1,3 dienes and aldehydes with the use of a 
[Ir(COD)Cl]2 catalyst to form product in good yield and dr (76%, >95:5) with a high selectivity 
for the homoallylic alcohol isomer (25:1).33 This methodology can also be applied in the reaction 
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of allenes and aldehydes to form a single constitutional isomer of homoallylic alcohol in high 
yield (90%).34 
SCHEME 1.11. 
 
One of the limitations to the transfer hydrogenation methodology as demonstrated above is 
the high cost of the iridium catalysts.35 However, progress has been made in expanding the 
methodology by using other metal catalysts, specifically ruthenium, while maintaining the 
reactivity profile of the iridium catalysts (Scheme 1.12).36  
SCHEME 1.12. 
 
This transfer hydrogenative C-C bond formation process involves the formal addition of H2 
to a molecule from a source other than gaseous hydrogen in the coupling of two molecules 
(Scheme 1.13). In the case of dienes and allenes, a coordination of the metal catalyst to the 
hydrogen source (iPrOH) forms complex i, which undergoes a β-hydride elimination to form a 
metal hydride ii and release of the ketone to form iii. The metal hydride then undergoes a 
hydrometalation of the diene, forming a σ-bound organometallic intermediate iv. Nucleophilic 
attack of iv into the aldehyde forms a metal alkoxide, v. Protonation of the alkoxide releases the 
product to complete the cycle.37  
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SCHEME 1.13. 
 
Their work has further been expanded to demonstrate that the Ir-catalyzed allylation of 
carbonyls can be carried out starting from either the aldehyde or the corresponding primary 
alcohol, which serves both as the reagent and the source of reducing equivalents as it is oxidized 
in situ to the parent aldehyde (Scheme 1.14, eq a & eq b).38 This method has found further 
application in the formal allylation of epimerizable aldehydes though the alcohol oxidation state 
 
SCHEME 1.14. 
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(Scheme 1.14, eq c).39 The transient nature of the aldehyde that is formed reduces the 
opportunity for epimerization to occur. Furthermore, only allylation of the primary alcohol is 
observed, allowing for selective reactions on compounds that contain secondary alcohols, 
thereby eliminating the need for protecting groups. Strategies of this kind are truly catalytic and 
are becoming increasingly popular. 
 
1.2.4.3. The Catalytic Nucleophilic Allylation of Aldehydes Employing Et3N as Reductant. As 
an alternative means to the use the transfer hydrogenation methodology, a reaction system that is 
catalytic in ruthenium and employs Et3N as a superstoichiometric reductant was developed by 
Kondo et al. in 1989. This reaction employs 140 psi of CO gas in combination with a 
superstoichiometric amount of aldehyde with respect to the allyl acetate 1.2 to produce the 
desired homoallylic alcohols 1.3a in good to moderate yields (Scheme 1.15).40  
SCHEME 1.15. 
 
In the case of the RuCl3 catalyst, a ruthenium carbonyl species was proposed as the active 
catalyst. When RuCl3
 was employed in the reaction under a CO atmosphere, FT-IR absorptions 
indicative of a carbonyl species were observed. Alternatively, when RuCl3 was employed under 
an Ar atmosphere, the same FT-IR absorptions were not observed and homoallylic alcohol was 
not formed. The formation of a ruthenium carbonyl species was further confirmed by the fact 
that the reaction of an independently-synthesized ruthenium π-allyl complex with benzaldehyde 
in a stoichiometric reaction gave the intended homoallylic alcohol product in 66% yield by GC 
(Scheme 1.16).41 As the use of a CO atmosphere was not required in this stoichiometric reaction, 
this suggests that CO is only required to form the initial ruthenium metal complex or to serve to 
stabilize the ruthenium carbonyl species in the catalytic reaction. 
SCHEME 1.16. 
 
According to Kondo et al., the superstoichiometric amount of Et3N is required as it is the 
reductant for the catalyst. In an effort to provide evidence for this hypothesis, the authors 
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employed deuterium-labeled Et3N, benzaldehyde, and solvent in a stoichiometric reaction with 
π-allyl ruthenium complex 57 to discern the source of hydrogen in the reaction (Scheme 1.17).41 
As there was incorporation of deuterium in the homoallylic alcohol product only when 
deuterated Et3N was employed, it is believed to be the reductant for the catalytic reaction and to 
supply the necessary hydrogen for the reaction.  
SCHEME 1.17. 
 
Based upon these experimental observations, a mechanism was proposed (Scheme 1.18). 
After oxidative addition of allyl acetate to the ruthenium(0) metal center vi and the formation of 
π-allyl complex vii, an insertion ruthenium into an aldehyde may form complex viii. 
Coordination of Et3N to viii and subsequent β-hydride elimination generates the 
hydridoruthenium(II) complex ix which can then undergo reductive elimination to release the  
 
 SCHEME 1.18. 
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homoallylic alcohol product, regenerating the ruthenium(0) catalyst vi. This catalytic cycle 
thereby forms the desired homoallylic alcohol product with only AcOH and an enamine as the 
stoichiometric byproducts. 
The high CO pressure required for the reaction necessitates the use of autoclave equipment 
which is not among the items usually possessed by the typical laboratory. The high temperatures 
of 120 °C may limit the number of aldehydes which will remain stable during the course of the 
reaction. Furthermore, the superstoichiometric use of aldehyde (which is often the precious 
synthetic material) is undesirable.  
 
1.2.4.4. The Catalytic Nucleophilic Allylation of Aldehydes Employing CO as Reductant. In 
light of the limitations of the catalytic conditions as set forth by Kondo et al., Denmark and 
coworkers have undertaken the synthetic challenge to optimize the reaction conditions and 
generate a methodology that is more amenable to a laboratory scale. Denmark et al. 
serendipitously determined that the addition of H2O has a profoundly positive effect on the 
reaction conditions. Further optimization revealed that the addition of only 1.5 equivalents of 
H2O allowed the pressure of CO to be lowered to 30-40 psi, the amount of Et3N to be decreased 
to 10 mol%, the temperature to be reduced to 70-75 °C, and the catalyst loading to be decreased 
to only 3 mol % ruthenium. Most importantly, the aldehyde now became the limiting reagent 
(Scheme 19).3 These adjustments made a marked improvement upon Kondo’ conditions (Scheme 
15) and allow for a much more practical reaction. Using these improved conditions, Denmark et 
al. were able to successfully expand the scope of the reaction across a wide range of aldehydes 
employing allyl acetate 1.2 as the allyl source (Scheme 1.19). 
SCHEME 1.19. 
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As the original reaction conditions relied on a superstoichiometric amount of Et3N and 
these new conditions require only a substoichiometric amount, this suggested that the mechanism 
of this reaction is significantly different. Therefore, several studies were performed to elucidate 
the new roles of the reagents. It was determined that while a tertiary amine base was required for 
the reaction, the base does not act as a hydride donor. When quinuclidine, which cannot act as a 
hydride donor, was employed at 10 mol %, the desired product 1.3a was still obtained (Table 
1.1). Furthermore, 1H NMR spectroscopic analysis of the crude reaction mixture revealed that 
Et3N was not consumed to any noticeable amount. 
 
TABLE 1.1. Survey of Amine Bases 
 
Entry Amine 
Yield 1.3a 
(%)a 
 
1 Pyridine 0 
2 DIPEA 100 
3 DIPA 89 
4 Quinuclidine 94 
5 Quinine 62b 
6 Sparteine  97b 
a Isolated Yield. b No enantioenrichment of product observed. 
 
When a ruthenium π-allyl complex  was used as the catalyst, thereby bypassing the initial 
reduction of RuCl3 to ruthenium(0), Et3N could be excluded from the reaction, but with a 
somewhat diminished yield of 12% and 43% for the acetate and bromide π-allyl complexes 
respectively (Table 1.2, entries 4 & 6). The new role of Et3N appears to be to either neutralize 
the HCl formed in the initial reduction of ruthenium or buffer the reaction during the generation 
of the AcOH byproduct. Alternatively, high loadings of Et3N resulted in a decrease of the 
product 1.3a yield, likely due to a competitive binding of Et3N to the ruthenium metal complex, 
prohibiting the turnover of the catalyst (Table 1.2, entry 3). Furthermore, a halide effect was 
observed for the π-allyl ruthenium bromide complex as it showed a higher conversion of 
aldehyde 1.1a than the acetate complex (Table 1.2, entries 5 & 8). A soluble halide source was 
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required in equal amounts to the catalyst when Ru3(CO)12 was employed as the ruthenium 
catalyst (Table 1.2, entries 10-12). The presence of a halide may act as ligand on ruthenium(0), 
resulting in the formation of an anionic ruthenium complex. This would be expected to be more 
reactive towards the allyl acetate, resulting in increased yields.42,43  
 
TABLE 1.2. Survey of Ruthenium Catalysts and Reaction Additives 
 
Entry 
Ruthenium 
Catalyst 
Et3N 
(equiv) 
TBACl 
(equiv) 
Yield 
1.3aa (%) 
1 RuCl3•nH2Ob 0.03 0 0 
2 RuCl3•nH2Ob 0.10 0 100 
3 RuCl3•nH2Ob 1.0 0 68 
4 allylRu(CO)3Br 0 0 12 
5 allylRu(CO)3Br 0.1 0 93 
6 allylRu(CO)3OAc 0 0 43 
7 allylRu(CO)3OAcb 0.1 0 70 
8 allylRu(CO)3OAcb 0 0.03 81 
9 allylRu(CO)3OAcb 0.1 0.03 82 
10 Ru3(CO)12b 0.1 0 15 
11 Ru3(CO)12b 0.1 0.03 78 
12 Ru3(CO)12b 0 0.1 80 
a 1H NMR yield.b CO pressure was 35 psi and 1.2 equiv allyl acetate 1.2. 
 
The intermediacy of these ruthenium(II) π-allyl species in the normal reaction was validated 
through the use of two different allylic acetates that should form a common intermediate and 
lead to the same product if a π-allyl species is formed (Scheme 1.20).44 
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SCHEME 1.20. 
 
 
Based on the studies conducted previously by Kondo et al.46 and those more recently 
performed by Denmark and coworkers,3,44,45 a modified catalytic cycle for this reaction has been 
formulated (Scheme 1.21). Following initial reduction of ruthenium(III) (in the case of RuCl3) to 
the ruthenium(0) species x or addition of chloride (in the case of Ru3(CO)12), oxidative addition 
to allyl acetate occurs to give the ruthenium(II) π-allyl species xi. The now nucleophilic allyl 
metal species xi next inserts into the aldehyde via coordination of the carbonyl group to the 
 
SCHEME 1.21. 
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ruthenium(II) center (via the η1 form of xi) to generate xii. Hydrolysis of the alkoxide xii then 
releases the homoallylic alcohol product and generates a ruthenium(II) hydroxide species xiii. By 
means of the water-gas shift reaction,46 CO may undergo migratory insertion into the 
ruthenium(II)-OH bond yielding xiv which can be followed by a β-hydride elimination to release 
CO2 and form xv. Subsequent reductive elimination of the ruthenium(II) hydride xv intermediate 
regenerates the ruthenium(0) complex x.  
This mechanism is also thought to be operative in a rhodium-catalyzed carbonyl allylation of 
aldehydes (Scheme 1.22).47 This reaction makes use of Cs2CO3 to generate the H2O required for 
the catalytic cycle through neutralization of the formed AcOH. However, this reaction is of lower 
utility than the ruthenium based carbonyl allylation of aldehydes as it requires 147 psi of CO. 
This is possibly due to a less stable rhodium-metal complex carbonyl complex by which the 
higher CO pressures help to stabilize. Furthermore, the rhodium-based system was not shown to 
work for aliphatic aldehydes, thus revealing a smaller aldehyde scope than the system developed 
by Denmark and coworkers.3 Other transition metal carbonyl catalysts systems including 
Fe3(CO)12/TBACl, W(CO)6/TBACl, Mo(CO)6/TBACl, IrBr•H2O, OsCl3/Et3N, and 
(Et4N)[Re8C(CO)24]/TBACl were tried in this reaction, but none were found to be viable 
catalysts.45  
SCHEME 1.22. 
 
1.3. RESEARCH OBJECTIVES 
The present research project is designed to further improve the synthetic utility and better 
understand the catalytic cycle of the ruthenium catalyzed aldehyde allylation reaction mediated 
by the WGSR. In particular, the following opportunities for improvements were investigated: 
(a)  Use of 2-substituted allylic acetates as the pro-nucleophile to probe the electronic and 
stereo chemical effects of a substituent on a symmetrically formed ruthenium π-allyl 
species (Scheme 1.23a);  
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(b)  Further investigations into the use of allyl sources which would result in an asymmetric 
ruthenium π-allyl species and probe the reaction conditions that would allow for the 
formation of a single product isomer (Scheme 1.23b) 
SCHEME 1.23. 
 
1.4. RESULTS 
1.4.1. Catalytic Nucleophilic Allylation with 2-Methallyl Acetate (1.4a) 
1.4.1.1. Reaction Optimization. The investigations began with 2-methallyl acetate 1.4a as the 
methyl substituent creates a slightly more electron-rich ruthenium π-allyl than allyl acetate (1.2) 
without significantly changing the steric bulk or involving additional functional groups. An 
initial screen of solvents for the reaction of benzaldehyde 1.1a and 2-methallyl acetate was 
performed using two different ruthenium catalysts: RuCl3 and Ru3(CO)12 (Table 1.3). With the 
exception of EtOH, Ru3(CO)12 resulted in higher yields of product 1.5a as compared to RuCl3. 
The use of THF and dioxane gave higher product 1.5a yields, with dioxane performing slightly 
better (Table 1.3, entries 1, 3, 4, & 5). In the case of EtOH, a lower yield for product 1.5a was 
observed (34-46%) (Table 1.3, entries 2 & 5), likely due to the protic solvent environment which 
may increase the formation of isobutene through protonolysis of 1.4a, consuming acetate 1.4a 
unproductively. In both cases, unreacted benzaldehyde 1.1a and methallyl acetate 1.4a were 
recovered from the reactions, indicating the low yield results from incomplete conversion of the 
aldehyde, not the formation of byproducts.48 
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TABLE 1.3. Effect of Solvent on 1.5a Yield 
 
Entry 
Ruthenium 
Catalyst 
Solvent 
1.5a Conversion 
(%)a 
1 
RuCl3 
Dioxane 51 
2 EtOH 46 
3 THF 47 
4 
Ru3(CO)12b 
Dioxane 55 
5 EtOH 34 
6 THF 50 
a
 Isolated yield. b TBACl (3 mol%) included. 
 
With dioxane and Ru3(CO)12 established as the optimal solvent and catalyst respectively, the 
reaction of 2-methallyl acetate 1.4a with benzaldehyde 1.1a was next screened with a variety of 
catalyst loadings, reaction times, and acetate loadings (Table 1.4). Reactions employing only 1.2 
equivalents of acetate 1.4a displayed the lowest product 1.5a conversions, with an inverse 
relationship between product 1.5a yield and catalyst loading (Table 1.4, entries 1, 7, & 12). 
Increasing the acetate 1.4a loadings for the 1 mol % catalyst cases at 20 hours did result in 
higher product 1.5a conversions, with a maximum of around 60% 1.5a (Table 1.4, entries 2 & 3). 
When 2 mol % catalyst was employed at 20 hours, increased acetate 1.4a loadings revealed a 
similar increase in product 1.5a yields, with a maximum product 1.5a yield of 61% (Table 1.4, 
entries 7-10). Extended reaction times did not appear to offer any beneficial effect as those 
reactions that were run for 40 hours did not show any marked increase in yield when compared 
to their equivalent 20 hour reaction time yields (Table 1.4, entries 4-6 & 11). In general, higher 
loadings of acetate 1.4a resulted in higher yields and appeared to have a maximum product 1.5a 
yield of 61% (Table 1.4, entry 9).  
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TABLE 1.4. Effect of Ru3(CO)12 Catalyst Loading, Reaction Time,  
and 2-Methallyl Acetate 1.4a Equivalents on 1.5a Conversion 
 
Entry 
Ru3(CO)12 
(mol %)a 
Time (h) 
1.4a 
(equiv) 
1.4a Recovery 
(%)b 
1.5a Conversion 
(%)b 
1 1 20 1.2 0 53 
2 1 20 2.0 6 60 
3 1 20 3.0 49 60 
4 1 40 1.4 2 49 
5 1 40 2.0 31 52 
6 1 40 2.5 39 48 
7 2 20 1.2 0 39 
8 2 20 2.0 10 55 
9 2 20 3.0 46 61 
10 2 20 4.0 60 56 
11 2 40 2.0 21 53 
12 3 20 1.2 0 38 
a TBACl mol% = 3 equivalents w.r.t Ru3(CO)12. 
b Determined by GC using tetradecane (0.48 equiv) as the internal standard. 
 
Significant amounts of acetate 1.4a were remaining in the reactions from Table 5 and, 
especially when compared to the generation of homoallylic alcohol form the parent allyl acetate, 
lower products yields were observed, suggesting that acetate 1.4a is significant less reactive than 
allyl acetate. This property may be due in part to the decreased electrophilic character of 1.4a. 
This would cause the initial oxidation addition of ruthenium(0) to form the π-allyl complex to be 
less favorable. Exchanging the acetate leaving group of 1.4a for other nucleofuges could allow 
for increased electrophilic character. Therefore, benzaldehyde was screened against several other 
2-methallyl pro-nucleophiles, selected based upon the pKa of the conjugate acid of the 
nucleofuge (reference: pKa of AcOH is 4.76) (Table 1.5).
49  In reactions where the 2-methallyl 
pro-nucleophile was not wholly consumed, the highest product 1.5a conversion for each 2-
methallyl pro-nucleophile was observed with a 0.4 M concentration with respect to aldehyde 
1.1a (Table 1.5, entries 3, 6, 9, 19 & 25). When complete consumption of the 2-methallyl pro-
nucleophile was observed for the 0.4 M concentration, the higher 2-methallyl pro-nucleophile 
loading with a 0.2 M concentration displayed the highest product 1.5a yield (Table 1.5, entries 
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11, 15, & 21). The lowest product 1.5a conversions were observed for those conjugate acids with 
the pKa values most distant from that of acetate, 1.4b and 1.4j (Table 1.5, entries 1-3 & 26-28). 
As the conjugate acid pKa value approached that of acetate, the yields typical improved, with a 
maximum product 1.5a conversion of 63% for 1.4d and 55% for 1.4g (Table 1.5, entries 9 & 19). 
2-Methallyl pro-nucleophiles 1.4e and 1.4f displayed a lower maximum product 1.5a conversion 
(40% and 48% respectively) than 2-methallyl pro-nucleophile 1.4d and 1.4g despite having pKa 
values closer to that of acetate (Table 1.5, entries 11 & 15). 2-Methallyl pro-nucleophiles 1.4e, 
1.4f, 1.4h, and 1.4i showed low product 1.5a conversion despite consuming nearly all of the 2-
methallyl nucleofuge (Table 1.5, entries 10-12, 14-16, 20-22, & 2-25). 2-Methallyl pro-
nucleophile 1.4b and 1.4c displayed low product 1.5a conversions and had a large amount of 
unconsumed 2-methallyl pro-nucleophile (Table 1.5, entries 1-3 & 4-6). 2-Methallyl pro-
nucleophile 1.4j showed no formation of product 1.5a and partial consumption of 2-methallyl 
pro-nucleophile (Table 1.5, entries 2-28). (For a better perspective of the results, refer to Figure 
1.1.) 
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TABLE 1.5. Effect of Nucleofuge on 2-Methallyl Pro-nucleophile and 1.5a Conversion 
 
Entry 
Reaction 
Concentrationa 
2-Methallyl Pro-
nucleophile 
pKa of  
Conjugate 
Acid (H2O) 
1.4 
(equiv) 
1.4 Recovery 
(%)b 
1.5a Conversation 
(%)b 
1 0.2 M 
 
 1.2 84 9 
2 0.2 M 9.95 1.6 96 2 
3 0.4 M  1.2 87 9 
4 0.2 M 
 
 1.2 32 39 
5 0.2 M 8.74 1.6 73 21 
6 0.4 M  1.2 21 51 
7 0.2 M 
 
 1.2 34 56 
8 0.4 M 8.18 1.2 18 60 
9 0.4 M  1.6 33 63 
10 0.2 M 
 
 1.2 0 23 
11 0.2 M 6.35 1.6 0 40 
12 0.4 M  1.2 0 27 
13 0.2 M 1.4a 4.76 2.0 6 60 
14 0.2 M 
 
 1.2 0 37 
15 0.2 M 4.20 1.8 13 48 
16 0.4 M  1.2 0 38 
17 0.2 M 
 
 1.2 0 40 
18 0.2 M 3.60c 1.4 15 37 
19 0.4 M  1.2 11 55 
20 0.2 M 
 
 1.2 0 21 
21 0.2 M 2.94 1.4 0 27 
22 0.4 M  1.2 0 26 
23 0.2 M 
 
 1.2 0 13 
24 0.2 M 2.86 1.4 12 10 
25 0.4 M  1.2 4 15 
26 0.2 M 
 
 1.2 40 0 
27 0.2 M 0.65 1.4 46 0 
28 0.4 M  1.2 38 0 
a Based upon benzaldehyde. b Determined by GC using tetradecane  
(0.48 equiv) as the internal standard. c pKa value of carbonic acid 
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FIGURE 1.1. Survey of 2-methallyl pro-nucleophiles in the allylation of benzaldehyde. pKa values of nucleofuge 
conjugate acids shown below the line. All yields measured by GC analysis with tetradecane as the internal standard. 
 
Altering the leaving group on the 2-methallyl pro-nucleophile did not result in any product 
1.5a yield higher than that of acetate 1.4a. However, it was observed in several cases where the 
acetate loading was higher than 1.5 equivalents, significantly more acetate remained compared to 
the reactions with the same conditions but lower acetate loadings (Table 1.6, entries 5 and 6, 8 
and 9, 14 and 15). In the catalytic cycle from Scheme 1.21, the role of H2O is both as a means to 
hydrolyze the homoallylic product from the ruthenium-metal center and as the source of protons 
for the unproductive protonolysis pathway.50 It is possible that with higher loadings of 2-
methallyl pro-nucleophiles, the H2O was fully consumed, thereby inhibiting further turnover of 
the catalyst. Therefore, an additional survey of several methallyl electrophiles with benzaldehyde 
1.1a was performed with increased equivalents of H2O (Table 1.6). The catalyst loading was 
increased to 2 mol % Ru3(CO)12 as this was found to be optimal in the case of acetate 1.4a 
(Table 1.4, entry 9). 2-Methallyl pro-nucleophile 1.4a displayed significantly lower product 1.5a 
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conversions when more than 1.5 equivalents of H2O were used and even with loadings of 2-
methallyl pro-nucleophile 1.4a lower than loadings of H2O, some 2-methallyl pro-nucleophile 
1.4a was recovered from the reaction (Table 1.6, entries 1-4). 2-Methallyl pro-nucleophile 1.4d 
displayed a lower product 1.5a conversion in the 3.0 equivalents of H2O case versus the 2.5 
equivalents of H2O (7% versus 20%), but all of the 2-methallyl pro-nucleophile 1.4d was 
consumed in the 3.0 equivalents of H2O case (Table 1.6, entries 5 & 6). 2-Methallyl pro-
nucleophiles 1.4c and 1.4f had nearly the same product 1.5a conversion with 2.5 and 3.0 
equivalents of H2O as they did with 1.5 equivalents of H2O, the only difference being a slight 
higher loading of 2-methallyl pro-nucleophile 1.4c and 1.4f in the 2.5 and 3.0 equivalents of H2O 
case (1.4 vs 1.2 equivalents) (Table 1.6, entry 6; Table 1.7, entry 7).  
 
TABLE 1.6. Effect of H2O and 2-Methallyl Pro-nucleophile Equivalents on 1.5a Conversion 
 
Entry 
H2O 
(equiv) 
Methallyl 
Electrophile 
1.4 
(equiv) 
1.4 Recovery 
(%) 
1.5a Conversion 
(%)a 
1b 1.5 
1.4a 
2.0 6 60 
2 2.5 1.6 70 13 
3 3.0 1.5 67 18 
4 3.0 1.6 78 12 
5 4.0 1.6 50 31 
6 1.5 
1.4d 
1.6 33 63 
7 2.5 1.4 75 20 
8 3.0 1.4 0 7 
9 1.5 
1.4c 
1.2 20 51 
10 2.5 1.4 47 51 
11 1.5 
1.4f 
1.2 0 38 
12 3.0 1.4 0 38 
a Determined by GC using tetradecane (0.48 equiv) as the internal 
 standard. b Reaction concentration 0.2 M 
 
1.4.1.2. Preparative Scale Allylation Reactions. Using the optimized conditions of 2 mol % 
of catalyst and 3.0 equivalents of 1.4a, found in Table 1.4, acetate 1.4a was reacted with a set of 
aldehydes (Table 1.7). The reaction of aromatic (1.1a), α,β-unsaturated (1.1b), and aliphatic 
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(1.1c) aldehydes with acetate 1.4a afforded the desired products in good yields. The reaction 
concentration was increased to 0.4 M from 0.2 M, and the equivalents of H2O were increased to 
3.5 equiv as other experiments revealed significant increases in yield with these changes (vide 
infra). The use of (E)-cinnamaldehyde required the use of 80 psi of CO to maintain the same 
level of aldehyde conversion as 1.1a and 1.1c. Under these conditions, product 1.5b from (E)-
cinnamaldehyde was partially reduced to 1.5c, yielding an inseparable mixture of 1.5b /1.5c in a 
94:6 ratio. 
TABLE 1.7. Additions with 2-Methallyl Acetate (1.4a)a,b 
 
   
aReaction conditions: (A) 40 psi CO; (B) 80 psi CO. bYield  
of isolated product. 
 
 
1.4.2. Catalytic Nucleophilic Allylation with Ethyl 2-(acetoxymethyl)acrylate (1.6) 
1.4.2.1. Reaction Optimization. An allyl acetate with a carbon at the 2-position with a +3 
oxidation was next examined, ethyl 2-(acetoxymethyl) acrylate 1.6. This acetate was found to be 
highly reactive and gave complete conversion of aldehyde when employing the original 
conditions. Acetate 1.6 was then examined across a set of aldehydes using these conditions in the 
formation of products 1.7 (Table 1.8). Acetate 1.6 was relatively insensitive to the steric or 
electronic nature of the aldehyde R group and only the most electron-deficient (1.1d, 58%) or 
sterically encumbered (1.1h, 67%; 1.1l, 61%) aldehydes showed marked decreases in product 1.7 
yields. Other aldehydes, such as 1.1f and 1.1g reacted in good yields (76% and 73% 
respectively). Aldehydes 1.1a and 1.1b reacted to give excellent yields of product 1.7 (91% and 
94%, respectively). However, it was observed that some of the lower product 1.7 yields were not 
due to incomplete conversion of the aldehyde, but rather the formation of a lactone byproduct 1.8 
(a reaction that was especially prevalent on increased scale) (Scheme 1.24). 
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TABLE 1.8. Aldehyde Scope for Ethyl 2-(acetoxymethyl)acrylate 1.6a,b 
 
   
   
   
a Reaction conditions: (A) 0.40 mmol aldehyde 1.1;  
(B) 1.0 mmol aldehyde 1.1. b Yield of isolated product. 
 
SCHEME 1.24. 
 
 
Due to the formation of both the product 1.7 and lactone 1.8 and the inability to suppress the 
undesired lactone formation, acetate 1.6 was deemed non-viable for further use in this study. 
However, the formation of the lactone product does offer a potential pathway for future utility of 
acetate 1.6. The α-exo-methylene-ɣ-butyrolactone motif is found in nearly 10% of all natural 
products and therefore another method by which one can form these lactones 1.8 would be of 
interest.51 
 
 
 
 
28 
 
1.4.3. Catalytic Nucleophilic Allylation with t-Butyl 2-(acetoxymethyl)acrylate (1.9) 
1.4.3.1. Reaction Optimization. As the formation of only product 1.7 with the use of ethyl 2-
(acetoxymethyl)acrylate 1.6 was problematic due to the partial formation of lactones 1.8, a t-
butyl ester was instead employed as it should inhibit the formation of lactone. This new acetate, 
t-butyl 2-(acetoxymethyl)acrylate 1.9, was employed in survey with benzaldehyde 1.1a in a time 
study at two different concentrations to compare its reactivity to acetate 1.6 (Table 1.9). The 
higher concentration of 0.4 M (w.r.t. benzaldehyde 1.1a) led to a higher conversion of 
benzaldehyde 1.1a than the 0.2 M concentration (Table 1.9, entries 1 & 4). By 16 hours, the 
difference in benzaldehyde 1.1a conversions between the two concentrations was not significant; 
however, this was likely due to the consumption of acetate 1.9 (Table 1.9, entries 3 & 6). As a 
note, the product conversion could not be monitored by GC due to partial lactonization and a 
response factor could not be obtained so aldehyde conversions were used as the determining 
factor for the efficiency of the reaction. 
 
TABLE 1.9. Effect of Reaction Time and Concentration on Benzaldehyde 1.1a Conversion 
 
Entry 
1.1a 
Concentration  
Time 
(hours) 
1.1a Recovery 
(%)a 
1 0.2 M 4 67 
2 0.2 M 12 28 
3 0.2 M 16 30 
4 0.4 M 4 28 
5 0.4 M 12 23 
6 0.4 M 16 23 
a Determined by GC using tetradecane (0.48 equiv) as the internal standard 
  
As previous experiments did show some influence of higher catalyst loadings on the product 
yields, acetate 1.9 was surveyed with several aldehydes 1.1 with differing Ru3(CO)12 catalyst 
loadings and reaction times (Table 1.10). In all cases, the increase of Ru3(CO)12 loading from 1 
to 2 mol % resulted in higher aldehyde 1.1 conversions. In the case of the formation of 1.10d and 
1.10e, the higher aldehyde 1.1 conversions were coupled with a reduction in reaction time from 
36 hours to 20 hours due to this increase in catalyst loading (Table 1.10, entries 1, 2 & 3, 4).  
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TABLE 1.10. Effect of Ru3(CO)12 Catalyst Loading and Reaction Time on Aldehyde 1.1 
Conversion 
 
Entry Product 1.10 
Ru3(CO)12 
(mol %)a 
Time 
(hours) 
1.9 
(equiv) 
1.1 Recovery 
(%)b 
1.9 Recovery 
(%)c 
1 
 
1 36 1.2 7 27 
2 2 20 1.2 4 19 
3 
 
1 36 1.5 9 1 
4 2 20 1.6 4 25 
5 
 
1 20 1.4 33 33 
6 2 20 1.4 9 22 
7 
 
1 20 1.4 21 21 
8 2 20 1.4 9 22 
a TBACl mol% = 3 equivalents w.r.t. Ru3(CO)12 b Determined via 1H NMR integration of aldehyde and product 
peaks. c Determined by GC using tetradecane (0.48 equiv) as the internal standard. 
 
1.4.3.2. Preparative Scale Allylation Reactions. Using the optimal conditions observed from 
Table 11 and Table 12, the aldehyde scope of acetate 1.9 was examined (Table 1.11). The 
number of equivalents of 1.9 employed in these reactions was the minimum required for full 
conversion of 1. Acetate 1.9 is relatively insensitive to the electronic factors of aryl aldehydes 1, 
although the highest product 1.10 yield was obtained with an electron-deficient aryl aldehyde 
(1.1i). Electron-deficient aryl aldehydes (1.1d) showed one of the lowest yields, but 
decomposition of product 1.10d may have occurred. Electron-rich and electron-neutral aryl 
aldehydes showed good yields (1.1e and 1.1a). Aliphatic and alkenyl aldehydes were compatible 
(1.1c and 1.1b). Steric factors did appear to play a role as two of the lower yielding reactions 
(1.10f and 1.10h) exhibited steric encumbrance. Branched aldehydes did not appear to impart 
this same steric influence (1.1g). Heteroaryl rings were well tolerated with good yield (1.1j). In 
all cases, the observance of the lactone product was either non-existent or negligible, showing 
the beneficial effect of the t-butyl ester substitution for the ethyl ester. 
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TABLE 1.11. Aldehyde Scope for t-Butyl 2-(acetoxymethyl)acrylate 1.9a,b 
 
   
   
   
 
 
 
a Reaction conditions: (A) 1.6 equiv of acetate 1.9; (B) 1.4 equiv of acetate 1.9;  
(C) 1.2 equiv of acetate 1.9. b Yield of isolated product. 
 
1.4.4. Catalytic Nucleophilic Allylation with 2-Methylene-3-oxobutyl acetate (1.11) 
1.4.4.1. Reaction Optimization. The compatibility of esters under the reaction conditions 
encouraged the investigation of ketones as reaction partners as part of the allylating reagent. Test 
nucleophile 2-methylene-3-oxobutyl acetate 1.11 was examined to further expand the scope of 
compatible functional groups. This allyl acetate was surveyed against benzaldehyde with a 
survey of solvents employing both ruthenium catalysts; RuCl3 and Ru3(CO)12 (Table 1.12). The 
use of EtOH as reaction solvent gave the lowest product 1.12a yields of 7% for RuCl3 and 23% 
for Ru3(CO)12 (Table 1.12, entries 2 & 5). In the use of RuCl3, dioxane gave a slightly lower 
product 1.12a yield than THF, 41% and 51% respectively (Table 1.12, entries 1 & 3). The 
highest yield for product 1.12a was obtained when Ru3(CO)12 was used as the catalyst and 
dioxane as the reaction solvent, 69%, followed by CPME with a product 1.12a yield of 63% and 
THF with a product 1.12a yield of 58% (Table 1.12, entries 4, 6, 7). Overall, the use of 
Ru3(CO)12 was again (vide supra) the more effective choice for higher product yields when 
compared to RuCl3 (Table 1.12, entries 4-7 & 1-3). 
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TABLE 1.12. Effect of Solvent on 1.12a Yield 
 
Entry 
Ruthenium 
Catalyst 
Solvent Yield (%)a 
1 
RuCl3 
Dioxane 41 
2 EtOH 7 
3 THF 51 
4 
Ru3(CO)12 / 
TBACl 
Dioxane 69 
5 EtOH 23 
6 THF 58 
7 CPME 63 
a
 Isolated yields. 
With dioxane as the reaction solvent, the effects of loading of 1.11, catalyst, and reaction 
time were investigated (Table 1.13). Increasing the loading of acetate 1.11 improved the yield of 
1.12a from 51% with 1.2 equivalents to 73% with 2.0 equivalents (Table 1.13, entries 1-3). 
Despite some unreacted acetate 1.11 remaining at 20 hours, extending the reaction time to 40 
hours did not increase product yield (Table 1.13, entries 3 & 4). However, an increase in the 
Ru3(CO)12 loading from 1 mol % to 2 mol % led to a 94% yield of product after 20 h (Table 1.13, 
entries 4 & 5). 
 
TABLE 1.13. Effect of Ru3(CO)12 Catalyst Loading, Reaction Time,  
and 2-methylene-3-oxobutyl Acetate 1.11 Equivalents on Benzaldehyde 1.1a Conversion 
 
Entry 
Ru3(CO)12 
(mol %)a 
Time 
(h) 
1.11 
(equiv) 
1.1 Recovery 
(%)b 
1.12a 
Conversion 
(%)b 
1 1 20 1.2 0 51 
2 1 20 1.6 18 58 
3 1 20 2.0 28 73 
4 1 40 2.0 24 71 
5 2 20 2.0 23 94 
a TBACl mol % = 3 equivalents w.r.t Ru3(CO)12.. 
b Determined by GC using tetradecane (0.48 equiv) as the internal standard. 
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When the optimized conditions for the reaction of acetate 1.11 with benzaldehyde 1.1a were 
applied to aldehydes 1.1b and 1.1c, significant amounts of unreacted aldehyde were observed. 
As the loadings of acetate were higher than the amount of H2O in these reactions and unreacted 
acetate 1.11 was recovered, it is possible for the H2O to be fully consumed, thereby stopping 
further turnover of the catalyst. To examine this possibility, an investigation of H2O equivalents 
was performed for aldehydes 1.1b and 1.1c (Table 1.14). Increasing the equivalents of H2O to 
3.5 for aldehyde 1.1b allowed for the near complete conversion of the aldehyde in 24 hours, a 
marked improvement over the use of 3.0 equivalents of H2O (Table 1.14, entries 2 & 1). Higher 
H2O equivalents at 24 hours for aldehyde 1.1c appeared to have little effect (Table 1.14, entries 3 
& 4). However, extending the reaction time to 48 hours allowed for the conversion of 
significantly more aldehyde 1.1c, with the best conversion involving the use of 3.5 equivalents of 
H2O (Table 1.14, entries 5 & 6). 
 
TABLE 1.14. Effect of H2O Equivalents on Aldehyde 1.1 Conversion 
 
entry product 1.12 
H2O 
(equiv) 
time 
(h) 
1.1 recovery 
(%)a 
1.11 
recovery 
(%)a,b 
1 
 
2.5 48 20 14 
2 3.0 24 40 26 
3 3.5 24 39 24 
4 3.5 48 18 8 
5 
 
3.0 24 11 4 
6 3.5 24 2 15 
a Determined by GC analysis using tetradecane as the internal standard. b 
Percentage recovered is with respect to the total equiv of 1.11 added. 
 
1.4.4.2. Preparative Scale Allylation Reactions. The representative set of aldehydes was 
employed in reaction with acetate 1.11 on a preparative scale (1.0 mmol) using the conditions 
obtained in the optimization (1.15). These aldehydes reacted with acetate 1.11 in good yields to 
generate the aromatic (1.12a), α,β-unsaturated (1.12b), and aliphatic (1.12c) products. 
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TABLE 1.15. Additions with 2-Methylene-3-oxobutyl Acetate (1.11)a,b 
 
   
a Reaction conditions: (A) 2.0 equiv 1.11, 24 h; 
 (B) 2. 4 equiv 1.11, 48 h. b Yield of isolated product. 
 
1.4.5. Catalytic Nucleophilic Allylation with 2-Phenylallyl Acetate (1.13) 
1.4.5.1. Reaction Optimization. The use of 2-phenylallyl acetate 1.13 was next investigated to 
explore the suitability for the installation of an aryl ring, a common structural motif, in the 
product. The phenyl substituent should result in a less electron-rich allyl species through 
induction and a removal of electron density from the allyl, lowering the LUMO. This should 
allow for a more facile oxidative addition, though to a lesser extent than the ester substituent. 
The effects of concentration, time, catalyst loading, and acetate 1.13 equivalents were examined 
(Table 1.16). Under the initial reaction conditions based on acetate 1.4a, significant amounts of 
benzaldehyde were recovered (Table 1.16, entry 1). Increases in reaction time and acetate 1.13 
equivalents produced higher conversions of 1.1a (Table 1.16, entry 2). An increase in reaction 
concentration (w.r.t 1.1a) further increased the conversion of benzaldehyde (Table 1.16, entry 3). 
Increasing the catalyst loading to 2 mol % and acetate 1.13 equivalents to 1.8 resulted in nearly 
the same benzaldehyde conversion and a decreased reaction time of 20 h (Table 1.16, entry 4). 
However, a small amount of 1.13 remained unreacted.  
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TABLE 1.16. Effect of Reaction Concentration, Reaction Time, Ru3(CO)12 Catalyst Loading,  
and 2-Phenylallyl Acetate 1.13 Equivalents on Benzaldehyde 1.1a Conversion 
 
Entry 
Ru3(CO)12 
(mol %)a 
1.1a 
Concentration 
(M) 
Time 
(h) 
1.13 
(equiv) 
1.1a 
Recovery 
(%)b 
1.13 
Recovery 
(%)b 
1 1 0.2 20 1.2 47 0 
2 1 0.2 40 1.5 25 0 
3 1 0.4 40 1.5 18 1 
4 2 0.4 20 1.8 23 26 
a TBACl mol % = 3 equivalents w.r.t Ru3(CO)12. 
b Determined by GC using tetradecane (0.48 equiv) as the internal standard. 
 
Here again, increasing the number of equivalents of H2O allowed for increased conversion of 
1.1a with 1.11. To investigate whether a similar effect could be realized for acetate 1.13, the 
amounts of H2O in the allylation of 1.1 with acetate 1.13 was varied (Table 1.17). In general, 
increases in the amount of H2O led to higher product yields (Table 1.17, entries 1 and 3). An 
increase in reaction time did not affect much change in the yields of 1.14a (Table 1.17, entries 2 
and 4). Significantly higher amounts of H2O than 1.13 resulted in total consumption of acetate 
and lower yields as compared to those reactions with more similar ratios of H2O to 1.13 (Table 
1.17, entries 5 and 6). With (E)-cinnamaldehyde, altering the reaction time, amount of H2O, or 
1.13 had little effect on the yield of 1.14b (Table 1.17, entries 7-10). 
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TABLE 1.17. Effect of H2O equivalents, Reaction Time, and  
2-Phenylallyl Acetate 1.13 Equivalents on Aldehyde 1.1 Conversion 
 
Entry Product 1.14 
H2O 
(equiv) 
1.13 (equiv) 
time 
(h) 
1.1 recovery 
(%)a 
1.13 
recovery 
(%)a,b 
1 
 
2.0 2.8 24 16 40 
2 2.0 2.8 48 17 37 
3 2.5 2.8 24 12 11 
4 2.5 2.8 48 11 7 
5 3.0 2.4 24 17 0 
6 3.5 2.4 24 19 1 
7 
 
2.5 2.8 24 22 12 
8 3.5 2.4 24 18 0 
9 3.5 2.8 24 22 0 
10 3.5 2.8 48 18 0 
a Determined by GC analysis using tetradecane as the internal standard. b Percentage 
recovered is with respect to the total equiv of 1.13 added. 
 
1.4.5.2. Preparative Scale Allylation Reactions. Using the conditions identified in the 
optimization, the allylation of the representative aldehydes on a preparative scale (1.0 mmol) was 
next performed with acetate 1.13 (Table 1.18). Thus 1.1a, 1.1b, and 1.1c reacted with 1.13 to 
give the desired products in good yields. For (E)-cinnamaldehyde, a higher pressure of CO (80 
psi) was required to maintain the same level of conversion as with 1.1a and 1.1c. Under these 
conditions, product 1.14b from (E)-cinnamaldehyde was partially reduced to 1.14c, yielding an 
inseparable mixture of 1.14b/1.14c in an 88:12 ratio. 
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TABLE 1.18. Addition with 2-Phenylallyl Acetate (1.13)a,b 
 
   
a Reaction conditions: (A) 2.8 equiv 1.13, 2.5 equiv H2O, 40 psi CO, 48 h;  
(B) 2.8 equiv 1.13, 3.5 equiv H2O, 80 psi CO, 24 h.; (C) 2.4 equiv 1.13, 
 1.5 equiv H2O, 40 psi CO, 24 h b Yield of isolated product. 
 
1.4.6. Catalytic Nucleophilic Allylation with 2-(Diethoxymethyl)allyl Acetate (1.15) 
1.4.6.1. Reaction Optimization. The aldehyde chemoselectivity of the carbonyl allylation 
reaction has been clearly established based upon the previously employed allylic acetates. 
However, it is desirable to maintain an aldehyde functional group in the compound after the 
addition. Thus, an allyl source containing a protected aldehyde was prepared (1.15). The acetate 
1.15 was screened with aldehydes 1.1a, under the standard conditions that were found for acetate 
1.9 (Table 1.19). The initial use of 1.4 equivalents of acetate 1.15 resulted in full consumption of 
the acetate 1.15 before complete conversion of aldehyde 1.1a was accomplished (Table 1.19, 
entry 1). Increasing the loading of acetate 1.15 to 1.6 equivalents allowed for the near total 
conversion of aldehyde 1.1a and isolation of product 1.16a in 47% (Table 1.19, entry 2). The use 
of 1.6 equivalents of acetate 1.15 with aldehyde 1.1c resulted in the near complete conversion of 
aldehyde 1.1c with an isolated product 1.16b yield of 27% (Table 1.19, entry 3). The use of 1.6 
equivalents of acetate 1.15 with aldehyde 1.1c resulted in the complete conversion of aldehyde 
1.1c (Table 1.19, entry 4). Attempted purification of entries 1.16a and 1.16b were unsuccessful 
as product 1.16 underwent deprotection during purification, giving instead the aldehyde analogs 
of products 1.16a and 1.16b. A basic workup of the reaction mixture as able to avoid this 
deprotection issue. 
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TABLE 1.19. Aldehyde Scope of 2-(Diethoxymethyl)allyl Acetate 1.15 
 
Entry 1.16 
1.15 
(equiv) 
1.1 Recovery 
(%)a 
1.15 Recovery 
(%)a 
1.16 Yield (%)b 
1 
 
1.4 7 0 85 
2 1.6 2 2 -- 
3 
 
1.6 4 6 27 
4 
 
1.6 0 4 -- 
a Determined by GC using tetradecane (0.48 equiv) as the internal standard. b Yield of isolated product. 
 
1.4.6.2. Preparative Scale Allylation Reactions. Using the conditions obtained in the 
optimization, the allylation of the model set of aldehydes on a preparative scale (1.0 mmol) was 
performed (Table 1.20). The aromatic (1.1a), α,β-unsaturated (1.1b), and aliphatic (1.1c) 
aldehydes reacted with 1.15 in good yield. Under these conditions, product 1.16b from (E)-
cinnamaldehyde was partially reduced to 1.16c, yielding an inseparable mixture of 1.16b/1.16c 
in an 88:12 ratio. 
 
TABLE 1.20. Addition with 2-(Diethoxymethyl)allyl Acetate (1.15)a 
 
   
a Yield of isolated product. 
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1.4.7. Catalytic Nucleophilic Allylation with E-Cinnamyl Acetate (1.17) 
1.4.7.1. Reaction Optimization. As the effects of a substituent at the 2-position of allyl 
acetates has been well explored via the previous allyl pro-nucleophiles, an investigation into the 
use of an allyl acetate that forms an asymmetrical π-allyl complex is next desired, that of E-
cinnamyl acetate 1.17. Initial screening conditions to determine the optimal solvent and catalyst 
were based upon earlier work by Denmark et al. and involved a 40-hour reaction at 85 °C and 
were screened across two solvents and several ruthenium catalysts (Table 1.21). Overall, the use 
of EtOH led to better conversion of aldehyde, and qualitative 1H NMR analysis showed greater 
formation of the branched product in EtOH as compared to dioxane, where the linear product 
was formed in more significant yield. Furthermore, the ruthenium sources gave comparable 
aldehyde conversions, except in the case of dioxane and RuCl3 which gave increased conversion 
over the other ruthenium sources. 
 
TABLE 1.21. Effect of Solvent and Ruthenium Source on 1.1a Conversiona 
 
Entry Ru sourceb Solvent 
1.1a 
Recovery (%) 
1 RuCl3 dioxane 49 
2 Ru3(CO)12 / TBACl
 dioxane 76 
3 Ru(bpy)(CO)2Cl2 dioxane 73 
4 RuCl3 EtOH 28 
5 Ru3(CO)12 / TBACl EtOH 23 
6 Ru(bpy)(CO)2Cl2 EtOH 22 
7 [RuCl2(pcymene)]2 EtOH 12 
a Determined by GC using biphenyl (0.5 equiv) as the internal standard; 
b When used, TBACl added in equimolar amount to Ru. 
 
Seeking to reduce the time and temperature of the reaction, the reaction was run for 20 hours 
at 75 °C with two different loadings of ruthenium catalyst (Table 1.22). In general, the use of 5 
mol % RuCl3 led to higher conversions of the product; however, a problem that was discovered 
was the formation of acetals. This was especially noted in the use of aliphatic aldehydes like 1.1c 
which gave a significant amount of acetal formation, to the detriment of product formation. 
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TABLE 1.22. Effect of Catalyst Loading on 1.1 Conversiona 
 
Entry 1.18 
RuCl3 
(mol %) 
1.1 recovery 
(%) 
anti-1.18 
(%) 
syn-1.18 
(%) 
1.19 
(%) 
Acetal 
(%) 
1 
 
3 44 44 0 0 6 
2 5 17 54 0 0 18 
3 
 
3 40 26 0 0 8 
4 5 28 47 0 0 8 
5 
 
3 11 56 2 2 13 
6 5 3 19 4 0 64 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard 
 
To mitigate this acetal formation, a screen of solvents was conducted (Table 1.23). The use 
of bulkier alcohols (tBuOH and t-amyl alcohol) was successful in the suppression of acetal 
formation. While DME was also successful, it led to the undesired formation of linear product 
and also had a poorer anti-syn ratio. Likewise, a solvent combination of dioxane and either EtOH 
or iPrOH was successful in the suppression of acetal formation, but had a worse anti-syn ratio 
than the use of tBuOH. With this data in mind, tBuOH was the choice of solvent for aliphatic 
aldehydes.  
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TABLE 1.23. Effect of Solvent on 1.1c Conversion and Acetal Suppressiona 
 
Entry Solvent 1 Solvent 2 Ratio 
1.1c recovery 
(%) 
anti-1.18c  
(%) 
syn-1.18c 
(%) 
1.19c 
(%) 
Acetal 
(%) 
1 tBuOH -- -- 2 91 1 1 0 
2 t-amyl -- -- 10 77 1 2 0 
3 HFIP -- -- 90 7 3 0 0 
4 DME -- -- 0 94 5 4 0 
5 Dioxane EtOH 1:1 5 97 3 0 0 
6 Dioxane iPrOH 1:1 <1 95 3 <1 0 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard 
 
One remaining question was the rationale behind the selective formation of anti-1.18 with the 
use of E-cinnamyl acetate 1.17. To probe if this was the result of a normal 6-membered transition 
state, Z-cinnamyl acetate 1.17’ was employed under the same reaction conditions (Table 1.24). 
The use of 1.17’ led to the same anti-1.18a product as 1.17 and in similar yield and selectivity. 
Furthermore, only 1.17’ was recovered in the reactions when it was used with no 1.17 as 
observed in the crude reaction mixture by 1H NMR.  
 
TABLE 1.24. Effect of Double-Bond Geometry on 1.18a Diasteromer Formationa 
 
Entry Acetate 
1.1a recovery 
(%) 
anti-1.18a  
(%) 
syn-1.18a 
(%) 
1.19a 
(%) 
Acetal 
(%) 
1 1.17 3 73 3 8 1 
2 1.17’ 6 70 5 8 1 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard 
 
1.4.7.2. Preparative Scale Allylation Reactions. Using the conditions obtained in the 
optimization,52 the allylation of the model set of aldehydes on a preparative scale (1.0 mmol) was 
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performed (Table 1.25). As was observed earlier, the aliphatic aldehydes (1.1h, 1.1r, and 1.1s) 
required the use of tBuOH to avoid acetal formation. It was also observed that the heteoaryl 
aldehydes had better selectivities for the desired anti-1.18 product when tBuOH was used; for 
instance, when 1.1q was used with EtOH, the anti:syn ratio was closer to 8:1 whereas tBuOH 
gave a ratio of >20:1 under the same conditions otherwise. Good yields were observed across all 
of the aldehydes, with higher yields being observed for electron diffident aldehydes to some 
extent (1.1k, 1.1l). Sterically bulky aldehydes such as 1.1n and 1.1o were well tolerated as well; 
only the very bulky 1.1h aldehyde required more forcing conditions (0.8 M versus 0.4 M) and 
gave much diminished yield. The use of 1.1s also resulted in lower yields. 
 
TABLE 1.25. Aldehyde Scope for E-Cinnamyl Acetate 1.17a,b 
 
    
    
    
    
a Reaction conditions: (A) EtOH, 0.4 M; (B) tBuOH, 0.4 M; (C) tBuOH, 0.8 M b Yield of isolated product. 
 
1.4.8. Catalytic Nucleophilic Allylation with Vinyl Oxirane (1.20) 
1.4.8.1. Reaction Optimization. To further the investigations into asymmetrical allyl pro-
nucleophiles, vinyl oxirane 1.20 was next investigated under the basic reaction conditions (Table 
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1.26). The use of Ru3(CO)12 and TBACl gave high, nearly full conversion of 1.1a selectively to  
1.21. The addition of more TBACl did nothing to progress the reaction further, but its inclusion 
seems necessary as the use of [RuCl2(pcymene)]2 without TBACl gave decent conversion, but 
was very non selective as 19% of  the undesired 1.22 was also formed. Yet, the inclusion of an 
equimolar amount of TBACl was able to product 1.21 solely, which was also the case with 
RuCl3. A prior experiment showed that when RuCl3 was used without TBACl, the yield and 
selectivity was similar to entry 3.44 
 
TABLE 1.26. Effect of Ru source and TBACl loading on 1.1a conversiona 
 
Entry Ru source 
TBACl 
(mol %) 
1.1a 
Recovery (%) 
1.21 
(%) 
1.22 
(%) 
1 Ru3(CO)12 3 7 92 0 
2 Ru3(CO)12
 
6 7 93 0 
3 [RuCl2(pcymene)]2 0 15 62 19 
4 [RuCl2(pcymene)]2 3 8 90 0 
6 RuCl3 3 5 91 0 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard 
 
The reaction does seem to have a preference for dioxane as the solvent, as when an alcoholic 
solvent was employed, the reaction was both sluggish and non-selective (Table 1.24). 
 
TABLE 1.27. Effect of Ru source on 1.1a conversion in nBuOHa 
 
Entry Ru source 
1.1a 
Recovery (%) 
1.21 
(%) 
1.22 
(%) 
1 Ru3(CO)12  / TBACl
b 
78 1 7 
2 [RuCl2(pcymene)]2 86 6 4 
3 RuCl3 81 8 4 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard.; b 3.0 mol % TBACl used as well. 
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To explore the reactivity of other aldehydes, these same conditions were applied for 1.1b, 
1.1c¸ and 1.1e (Table 1.25). Under these conditions, there was a significant amount of aldehyde 
remaining, but the selectivity remained high for 1.21. 
 
TABLE 1.28. Use of Other Aldehydes with 1.20a 
 
Entry 1.21 
1.1 Recovery 
(%) 
1.21 
(%) 
1.22 
(%) 
1 
 
31 69 0 
2 
 
16 85 0 
3 
 
58 40 0 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard. 
 
In an attempt to further increase aldehyde conversion, the aldehydes were re-run with a 
higher catalyst loading and additional equivalents of H2O/1.20 (Table 1.26). Furthermore, as 
RuCl3 / TBACl gave similar yields to the Ru3(CO)12 / TBACl system and is more available, this 
catalyst system was used from this point on. There was a slight increase in aldehyde conversion 
when additional equivalents of H2O/1.20 were used, and overall there was a significant 
improvement over the conditions in Table 1.25. 
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TABLE 1.29. Effect of Increased H2O and 1.20 Loading on 1.1 Conversion
a 
 
Entry 1.21 
1.20 
(equiv) 
H2O 
(equiv) 
1.1a 
Recovery (%) 
1.21 
(%) 
1.22 
(%) 
1 
1.21b 
2.0 1.5 12 82 0 
2 2.5 2.5 11 85 0 
3 
1.21c 
2.0 1.5 8 85 0 
4 2.5 2.5 3 95 0 
5 
1.21e 
2.0 1.5 39 62 0 
6 2.5 2.5 31 57 0 
a Determined by 1H NMR using HMB (0.05 equiv) as the internal standard 
 
Since vinyl oxirane as used in these reactions was a racemic mixture, the effect of 
enantioenriched (S)-1.20 was explored (Scheme 1.25). Unfortunately, no enantioenrichment of 
the product 1.21 was observed. 
SCHEME 1.25. 
 
 
1.4.8.2. Preparative Scale Allylation Reactions. Using the conditions obtained in the 
optimization, the allylation of the model set of aldehydes on a preparative scale (1.0 mmol) was 
performed (Table 1.27). Good yields were observed across all of the aldehydes, with higher 
yields being observed for electron diffident aldehydes to some extent (1.1k, 1.1l). Sterically 
bulky aldehydes such as 1.1n and 1.1o were well tolerated as well. Only the very bulky 1.1h 
aldehyde required more forcing conditions (0.8 M, 80 psi CO versus 0.4 M, 40 psi CO). 
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TABLE 1.30. Aldehyde Scope for Vinyl Oxirane 1.20a,b,c 
 
 
    
    
    
    
a Reaction conditions: (A) 0.4 M; (B) 0.4 M; (C) 0.8 M b Yield of isolated product. 
c Value in parenthesis is E:Z ratio. d E and Z isomers were fully separable. 
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1.5. DISCUSSION 
1.5.1. Effect of Substitution at 2-Position of Allyl Acetates 
A variety of 2-substituted allylic acetates were found to effectively engage in the carbonyl 
allylation reaction. In general, those allylic acetates containing electron-withdrawing substituents 
at the 2-position (i.e. tert-butyl ester, methyl ketone, phenyl, and diethoxy acetal) were able to 
produce the expected homoallylic alcohol products in high yields. The use of an electron 
donating substituents (i.e. methyl) also led to the formation of the desired products, but in 
somewhat diminished yield. This clearly points to the effect that the electronic nature of the 
substituent plays on the reaction. It is likely that either conjugation or close proximity of 
electron-deficient elements in these substituents lowers the LUMO of the allylic acetate. 
Therefore, the activation barrier toward formation of the ruthenium(II) π-allyl complex (II) 
should be lowered, allowing for a greater rate of formation. The methyl group at the 2-position of 
2-methallyl acetate (1.4a) donates electron density into the allyl group though hyperconjugation 
and, as such, causes the allyl acetate to be less electrophilic, raising the LUMO for the allylic 
acetate.  
The use of the 2-substituted allylic acetates further illustrates the functional group 
compatibility of the ruthenium-catalyzed allylation reaction. Specifically, the use of the methyl 
ketone and ester moieties reveals the chemoselectivity of the reaction for the aldehyde, even 
when the ketone or ester component was present in a much higher relative ratio (as high as 1 to 
2.4). In no case was any addition product from self-condensation observed. While the unintended 
formation of the α-exo-methylene γ-butyrolactones was observed when an ethyl ester was 
employed, the use of a tert-butyl ester avoided the formation of this byproduct. It was also shown 
that the aldehyde oxidation state can be retained in the addition product by way of the diethoxy 
acetal. Even under the reaction conditions which are acidic due to the stoichiometric formation 
of acetic acid, no product from hydrolysis was observed. 
When comparing the ethyl and t-butyl esters ally acetates, there was an apparent reaction rate 
difference (Table 1.8, Table 1.9). Under the conditions shown, the use of 1.6 fully consumed 
1.1a to product 1.7. whereas 1.9 was only partly consumed. As the carbon chain of the ester is 
the only variation between these two substitutions, this marked difference in benzaldehyde 1.1a 
conversion must be the result of this ester modification. Ruthenium(0) has a large atomic radius, 
especially when the size of the ligands is also considered. The approach of ruthenium(0) during 
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the oxidative addition step may involve a higher energy pathway for the addition to the t-butyl 
ester acetate than to the ethyl ester acetate due to the increased steric hindrance caused by the t-
butyl group of the ester. This would in turn cause the OA step to be less favorable and slow the 
formation of the π-allyl 5 (Figure 1.2).53  
 
FIGURE 1.2. Size of Ru(0) on approach to allyl acetate as compared to 1.6 and 1.9. 
 
1.5.2. Effects of H2O Loading 
From consideration of the proposed catalytic cycle, H2O plays two roles: 1) the hydrolysis of 
ruthenium(II) complex xii yielding homoallylic alcohol,  and 2) as the proton source for the 
unproductive consumption of the allyl pro-nucleophile. Therefore, beyond the necessary 
equivalents for the turnover of the catalyst and this unproductive pathway, additional equivalents 
of H2O should have little influence on the reaction. Yet, the addition of H2O beyond the 
theoretically required amounts was shown to increase the conversion of aldehydes 1.1 (Table 
1.14, entries 5 and 6). This observation suggests a further role for H2O in the catalytic cycle. A 
potential additional role for H2O in the reaction is that of a proton relay during the water-gas 
shift reaction. A DFT study of several possible mechanisms for the water-gas shift reaction 
indicates that several transition states are lowered in energy when additional H2O molecules are 
included.54 
An alternative explanation for the salutary effects of H2O in the reaction is the inclusion of an 
off-cycle water-gas shift reaction, in the production of H2. In addition to the productive pathway 
whereby ruthenium(II) is reduced to ruthenium(0), it is also possible for Ru3(CO)12 to catalyze 
the water-gas shift reaction without undergoing oxidative addition (OA) with an allylic acetate. 
Instead, it undergoes a more typical water-gas shift reaction mechanism and reduces H2O to form 
hydrogen gas.55 This factor could account for the slight increase in yield when an increase in the 
amount of H2O was made, as more H2O is available for the productive reaction after taking the 
unproductive formation of H2 into account. The H2 thus generated could also account for the 
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appearance of the reduction products observed in the products from additions with (E)-
cinnamaldehyde. In addition to acting as the water-gas shift reaction catalyst, ruthenium is 
known to undergo hydrogenation of alkenes.56 It is unlikely that the (E)-cinnamaldehyde is being 
reduced before the allylation reaction because the reduced product was not observed in the other 
reactions between (E)-cinnamaldehyde and the 2-substituted allyl acetates. Curiously, when 2-
methylene-3-oxobutyl acetate (1.11) was employed, only the desired product from the addition to 
(E)-cinnamaldehyde was observed and while the reduction product was observed with 1.4a, it 
was to a very small extent. As both of these allylic acetates contain a carbonyl functional group, 
it is possible that the carbonyl binds to the ruthenium metal which could deactivate the reduction 
pathway while still allowing for the formation of the homoallylic alcohol products. 
 
1.5.3. Effects of Allyl Pronucleophile Stoichiometry 
Differing amounts of allylic acetates also had a small, but reproducible effect on product 
yields, even after the addition of sufficient allylic acetate to make up for unproductive 
consumption was taken into account. An increase in the relative concentration of allylic acetate 
could correspond to an increased rate of the formation of ruthenium(II) π-allyl complex xi, 
thereby allowing for an increased yield within the time of the reaction.  
Another possible effect of increased amounts of allyl acetate on the catalytic cycle involves 
the formation of AcOH, the byproduct of the water-gas shift reaction. As the allylation reaction 
progresses, it is likely that AcOH causes the further protonolysis of the π-allyl complex xi. Upon 
formation of the π-allyl complex xi, one of two pathways are available: (1) the productive 
pathway that involves insertion of the π-allyl complex xi into the aldehyde which ultimately 
leads to the formation of homoallylic alcohol, or (2) the unproductive protonolysis pathway that 
consumes the allylic acetate. If these two pathways occur at roughly the same rates, 2.0 equiv of 
allylic acetate should be required to both fully consume the aldehyde and account for 
protonolysis. In the early stages of the reaction, the productive pathway is likely more rapid as 
the complete consumption of the aldehydes with less than 2 equiv of acetates is observed. If the 
protonolysis pathway is more rapid, at least 2 equiv of acetate would always be required for full 
conversion of the aldehydes. As the reaction progresses, however, increased concentrations of 
AcOH could increase the ability of the protonolysis reaction to compete with the productive 
pathway. The total consumption of aldehyde with less than 2.0 equivalents of acetate, as in the 
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case of tert-butyl 2-(acetoxymethyl)acrylate (1.9) and 2-(diethoxymethyl)allyl acetate (1.15), 
reveals that the productive pathway is more rapid throughout the course of these reactions. In the 
case of vinyl oxirane (1.20), the high equivalents were necessary for full conversion of aldehyde 
as lower equivalents were fully consumed during the course of the reaction, highlighting the high 
susceptibility for this π-allyl to be unproductively protonated, a problem that was further 
exacerbated through the use of protic solvent. 
 
1.5.4. Effects of Leaving Group on Reactivity of the 2-Methallyl Subunit 
The choice of leaving group on the methallyl subunit was shown to have a profound effect on 
the production of homoallylic alcohol product. The yield of 1.5a decreases as the pKa of the 
conjugate acid of the nucleofuge becomes either less than or greater than acetate, indicating that 
two mechanisms may be operative. Those 2-methallyl electrophiles with conjugate acid pKa 
values higher than AcOH appear to be operating under OA as the turnover-limiting step (TLS). 
Their lower reactivity can be understood on the basis of their poorer leaving group ability 
compared to acetate. The large amount of unreacted electrophile remaining when compared to 
the other allyl sources also supports this conclusion. However, the 2-methallyl electrophiles with 
conjugate acid pKa values lower than acetate lead to lower yields, despite carrying good leaving 
groups. The difference in the amounts of consumed electrophile and generated product is likely 
due to an unproductive consumption of the electrophiles. Therefore, these substrates may react 
by a mechanism in which the TLS follows the OA and which also hampers the formation of 
homoallylic alcohol product, but allows for the consumption of the ruthenium π-allyl complex xi. 
For example, the nucleofuges for these substrates are poor ligands for ruthenium(II) owing to 
their lower basicity. In this case, after OA, the nucleofuge may bind weakly to the ruthenium 
catalyst and could be easily displaced by H2O, allowing the ruthenium(II) π-allyl complex xi to 
undergo a facile protonolysis, resulting in the high levels of unproductive consumption of 2-
methallyl electrophile observed (Scheme 1.26). If the TLS occurs after the formation of xi, the 
decreased nucleophilicity of the ruthenium(II) π-allyl complex xi may decrease the rate of the 
insertion of complex xi into the aldehyde. The protonolysis pathway may then become more 
accessible than the formation of the homoallylic alcohol product. 
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SCHEME 1.26 
 
 
A similar case can be posited for the unproductive consumption of 2-methallyl 2,4,6-
trichlorophenol (1.4e), despite the higher pKa of its conjugate acid, as compared to AcOH. In this 
case, the weak binding to ruthenium(II) could arise from steric interactions (Scheme 1.27). After 
the formation of the ruthenium π-allyl complex xvii, the ortho-chlorine atoms on the phenol 
ligand would create unfavorable steric repulsion with the ruthenium metal and ligands, allowing 
for the displacement of the phenol by H2O and subsequent protonolysis of the H2O-bound 
ruthenium π-allyl xv. 
 
SCHEME 1.27 
 
 
1.5.5. Configurational Stability of the Formed Ruthenium π-allyl 
Several reports have investigated the configurational stability of the π-allyl that forms after 
ruthenium oxidatively adds into the allyl pro-nucleophile.41,57 The relative rate of any 
isomerization events in comparison to the product formation (via aldehyde insertion) is an 
important feature of the reaction as this can influence the ability of stereochemical information in 
the allyl pro-nucleophile to be imparted into the product. This is not the case in the use of the 2-
substituted allyl pro-nucleophiles, but in the case of 1.17 and 1.20, both can impart information 
to the product by way of the E-Z geometry of the double bond for 1.17 or enantioenrichment of 
1.20. The use of 1.17 leads to the selective formation of anti-1.18, as is expected if the allylation 
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event proceeds through a closed, six-membered transition state (Type 1),58 in which the 
ruthenium-catalyzed allylation of aldehydes has been computationally determined to progress 
through.59 The use of 1.17’ with a Z-configured double bond was also shown to lead to the anti-
1.18 product, not the expected syn-1.18 that would result from a closed transition state (Table 
1.2x). Two rationale could explain this observation: 1) the reaction actually occurs through an 
open transition state that is irrespective of the double bond geometry (Type 2)58, or 2) the 
aldehyde insertion occurs after a rearrangement of the π-allyl complex to form the more 
thermodynamically stable π-allyl complex with the E-configuration (Type 3).58 It is more likely 
that the rearrangement pathway is operative as typical allylation reactions that involve an open 
transition state form the syn-product selectively. Therefore, a η3-η1-η3 rearrangement can be 
invoked to explain the formation of the anti-1.18 product (Scheme 1.28). In another example, the 
use of enantioenriched (S)-1.20 did not result in any enriched 1.21 (Scheme 1.25), even though 
the insertion of ruthenium in the allyl pro-nucleophile via a Sn2’ mechanism would result in a 
chiral π-allyl complex (Scheme 1.29). Again, a η3-η1-η3 rearrangement prior to aldehyde 
insertion could result in a scrambling of the species, resulting in racemic 1.21.  However, a non-
selective aldehyde insertion cannot be ruled out, in lieu of a non-configurationally stable π-allyl, 
which would also result in the formation of racemic 1.21.  
 
SCHEME 1.28 
 
 
SCHEME 1.29 
 
 
1.5.6. Selective Linear Formation in Use of Vinyl Oxirane 
Interestingly, the use of 1.20 under the optimized conditions led to the selective formation of 
the linear homoallylic alcohol with an E-bond configuration, 1.21. The branched product (1.22) 
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was only observed as the minor product when an alcoholic solvent was used and even then, in 
low yield. While the use of 1.20 as an allyl pro-nucleophile in aldehyde allylations is known in 
the literature, it is often formed selectively for the branched product60 or has a linear product 
with E/Z ratios that range from poor to selective for the Z-bond figuration.61 The use of 1.20 in 
this ruthenium catalyzed allylation of aldehydes is, therefore, a unique case for the highly 
selective formation of the E-1.20 product. Alternative methods to generate the linear product 
involve the use of allyl-boron reagents but are selective for the formation of Z-bond 
geometries.62 As for a rationale behind this selective formation, Araki et al. proposes two cyclic 
intermediates that involve a O-In bond in either a 4- or 6-memembered ring that lead to the linear 
and branched products respectively (Scheme 1.30, a). While this rationale can be applied in the 
formation of linear product for the ruthenium catalyzed allylation, the selective E-bond geometry 
cannot. Instead, it is possible that the transition state resulting from the four-membered 
intermediate as prescribed by Araki et al has instead an equatorial methyl-alkoxide bound to the 
ruthenium, which would give the desired E-1.20 product (Scheme 1.30, b). 
 
SCHEME 1.30 
 
 
1.5.7. Aldehyde Scope 
As part of the investigation of different allylic acetates, a variety of aldehyde substrates were 
examined. In several of the cases, a minor change was required in the reaction conditions to 
obtain high or complete conversion of the slower acting aldehydes such as an increase in reaction 
time (48 h) or an increase in CO pressure (80 psi). It has been previously demonstrated that the 
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use of (E)-cinnamaldehyde may require more forcing conditions to react as rapidly as the other 
aldehydes.47 In general, the allylation reaction preferably engages unhindered aldehydes. With 
sterically hindered aldehydes, however, a moderate yield is still produced, 61% for 1.9 with 
pivalaldehyde and 73% for 1.9 with 2-tolualdehyde (Table 1.11, 1.1i and 1.1f). The decrease in 
yield for the aldehydes with high steric hindrance can be attributed to the difficulty for approach 
of the π-allyl xi to the aldehyde. With regard to aromatic aldehydes, a slight difference in yield 
between electron-rich and electron-deficient aldehydes was noted for the addition with 1.9. The 
use of electron-rich aldehydes 1.1e and 1f afforded lower yields than the electron-neutral or 
electron-poor aldehydes 1.1a and 1.1d. Decreased electron density in the aldehyde lowers the 
LUMO and thereby decreased the energy of activation barrier for the addition. Similar trends 
were observed for the allyl pro-nucleophiles 1.17 and 1.20 as well. 
1.6. CONCLUSION 
The ruthenium-catalyzed, nucleophilic allylation of aldehydes has been successfully 
expanded to include allylic acetates with substituents at the 2-position. This substitution has 
allowed for the introduction of additional functionality in the homoallylic alcohol products, 
significantly expanding the synthetic utility of this reaction. Allylic acetates with electron-
withdrawing substituents are more effective in the generation of products from a variety of 
aromatic, α,β-unsaturated, and aliphatic aldehydes. Electron-donating substituents on the allylic 
acetate are less effective, despite extensive optimization. 
Furthermore, the use of two, asymmetric allyl pro-nucleophiles were highlighted. The 
specific use of solvent and other additives was crucial for obtaining a high selectivity for the 
desired products. The scope for these allyl sources was also demonstrated in a manner similar to 
the 2-subsituted allyl acetates. 
During the course of this optimization, several variables were discovered to have significant 
influence on the efficiency of formation of the homoallylic alcohols. A delicate balance between 
the amounts of H2O and acetate beyond the quantities employed in the original reaction 
conditions was critical for the allylation reaction as both components participate in an 
unproductive, off-cycle reaction to consume the acetate. 
 
54 
 
1.7. REFERENCES  
 
1  (a) Denmark, S. E.; Almstead, N. G. in Modern Carbonyl Chemistry (Ed.: J. Otera), Wiley-VCH 
Verlag GmbH, 2000, pp. 299-401; (b) Denmark, S. E.; Fu, J. Chem. Rev. 2003, 103, 2763-2794; (c) 
Yus, M.; González-Gómez, J. C.; Foubelo, F. Chem. Rev. 2011, 111, 7774-7854; (d) Yus, M.; 
González-Gómez, J. C.; Foubelo, F. Chem. Rev. 2013, 113, 5595-5698. 
2 (a) Bower, J. F.; Kim, I. S.; Patman, R. L.; Krische, M. J. Angew. Chem. Int. Ed. 2009, 48, 34-46; (b) 
Patman, R. L.; Bower, J. F.; Kim, I. S.; Krische, M. J. Aldrichimica Acta 2008, 41, 95–104; (c) 
Terada, M., Science of Synthesis: Stereoselective Synthesis. Thieme Verlag: 2011, Vol. 3, p 311; (d) 
Moran, J. M.; Krische, M. J. Pure Appl. Chem. 2012, 84, 1729 – 173 
3 Denmark, S. E.; Nguyen, S. T. Org. Lett. 2008, 11, 781-784. 
4 (a) Newsome, D. S. Catalysis Reviews 1980, 21, 275-318; (b) Lloyd, L.; Ridler, D. E.; Twigg, M. V. 
In Catalyst Handbook (Ed.: Twigg, M. V.), Manson Publishing London, 1996, pp. 283-339; (c) 
Hinrichsen, K.-O.; Kochloefl, K.; Muhler, M. In Handbook of Heterogeneous Catalysis, Wiley-VCH 
Verlag GmbH & Co. KGaA, 2008; (d) C. Ratnasamy, C.; Wagner, J. P. Catalysis Reviews 2009, 51, 
325-440; (e) Mendes, D.; Mendes, A.; Madeira, L. M.; Iulianelli, A.; Sousa, J. M.; Basile, A. Asia-
Pac. J. Chem. Eng. 2010, 5, 111-137; (f) Smith, R. J. B.; Loganathan, M.; Shantha Murthy, S. In 
International Journal of Chemical Reactor Engineering, Vol. 8, 2010; (f) Water Gas Shift Reaction -  
Research, Developments and Applications (Ed.: Smirniotis, P. G.), Elsevier, Amsterdam, 2015. 
5  Häring, H. W. In Industrial Gases Processing, Wiley-VCH Verlag GmbH & Co. KGaA, 2008, pp. 
135-184. 
6  Tamaru, K. In Catalytic Ammonia Synthesis (Ed.: J. R. Jennings), Springer US, 1991, pp. 1-18. 
7  (a) Kaneko, T.; Derbyshire, F.; Makino, E.; Gray, D.; Tamura, M.; Li, K. Coal Liquefaction in 
Ullmann's Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag GmbH & Co. KGaA, 2000.; 
(b) Ott, J.; Gronemann, V.; Pontzen, F.; Fiedler, E.; Grossmann, G.; Kersebohm, D. B.; Weiss, G.; 
Witte, C. Methanol in Ullmann's Encyclopedia of Industrial Chemistry, Wiley-VCH Verlag GmbH 
& Co. KGaA, 2000. 
8  Ambrosi, A.; Denmark, S. E. Angew. Chem. Int. Ed. 2016, 55, 12164-12189. 
9  Sustainability in the Chemical Industry: Grand Challenges and Research Needs - A Workshop 
Report; The National Academies Press, Washington, DC, 2005. 
10  Yamamoto, Y.; Asao, N. Chem. Rev. 1993, 93 (6), 2207-2293. 
11  Grignard, V., C.R. Acad. Sci., Ser. IIa: Sci. Terre Planets 1900, 130, 1322-1325. 
12  Mikhailov, B. M.; Bubnov, Y. N., Bulletin of the Academy of Sciences of the USSR, Division of 
chemical science 1964, 13 (10), 1774-1776. 
13  Hosomi, A.; Sakurai, H., Tetrahedron Lett. 1976, 17 (16), 1295-1298. 
14  Herold, T.; Hoffmann, R. W., Angew Chem Int Ed 1978, 17 (10), 768-769. 
15  (a) Brown, H. C.; Jadhav, P. K., J. Am. Chem. Soc. 1983, 105 (7), 2092-2093.; (b) Williams, B. D.; 
Smith, A. B.. Org. Lett. 2013, 15 (17), 4584-4587; (c) Hwang, M.-h.; Han, S.-J.; Lee, D.-H., Org. 
Lett. 2013, 15 (13), 3318-3321. 
16  Kinnaird, J. W. A.; Ng, P. Y.; Kubota, K.; Wang, X., Leighton, J. L. J. Am. Chem. Soc. 2002, 124, 
 7920. 
17  Denmark, S. E.; Fu, J., J. Am. Chem. Soc. 2001, 123 (38), 9488-9489. 
18  Teo, Y.-C.; Tan, K.-T.; Loh, T.-P., Chem. Commun. 2005,  (10), 1318-1320. 
 
55 
 
 
19  Huang, Y.; Yang, L.; Shao, P.; Zhao, Y., Chemical Science 2013, 4 (8), 3275-3281. 
20  Rauniyar, V.; Zhai, H.; Hall, D. G., J. Am. Chem. Soc. 2008, 130 (26), 8481-8490. 
21  Jain, P.; Antilla, J. C., J. Am. Chem. Soc. 2010, 132 (34), 11884-11886. 
22  (a) Zhu, L. A. H., Chromium: Toxicological Overview. 1 ed.; Health, I. o. E. a., Ed. Health 
Protection Agency: Cranfield Univsersity, 2007.; (b) Department, T., Nickel: Toxicological 
Overview. 1 ed.; Centre for Radiation, C., and Environmental Hazards, Ed. Public Health England: 
2009.; (c) Chappell, C. H. F. L. G. D. L. L., Toxicological Profile for Tin and Tin Compounds. 
Registry, A. f. T. S. a. D., Ed. U.S. Department of Health and Human Services: 2005. 
23  Sugimoto, K.; Aoyagi, S.; Kibayashi, C., J. Org. Chem 1997, 62 (8), 2322-2323. 
24  Berkessel, A.; Menche, D.; Sklorz, C. A.; Schröder, M.; Paterson, I., Angew. Chem. Int. Ed. 2003, 42 
(9), 1032-1035. 
25  Tan, X.-H.; Hou, Y.-Q.; Huang, C.; Liu, L.; Guo, Q.-X., Tetrahedron 2004, 60 (29), 6129-6136. 
26  Kimura, M.; Shimizu, M.; Shibata, K.; Tazoe, M.; Tamaru, Y., Angew. Chem. Int. Ed. 2003, 42 (29), 
3392-3395. 
27  Banerjee, M.; Roy, S., J. Mol. Catal. A: Chem. 2006, 246 (1–2), 231-236. 
28  Selander, N.; Kipke, A.; Sebelius, S.; Szabó, K. J., J. Am. Chem. Soc. 2007, 129 (44), 13723-13731. 
29  Mikami, K.; Shimizu, M., Chem. Rev. 1992, 92 (5), 1021-1050. 
30  Alder, K.; Pascher, F.; Schmitz, A., Berichte der deutschen chemischen Gesellschaft (A and B 
Series) 1943, 76 (1-2), 27-53 
31  Golubev, A. S.; Kolomiets, A. F.; Fokin, A. V., Bulletin of the Academy of Sciences of the USSR, 
Division of chemical science 1988, 37 (1), 117-121. 
32  Carreira, E. M.; Lee, W.; Singer, R. A., J. Am. Chem. Soc. 1995, 117 (12), 3649-3650. 
33  Bower, J. F.; Patman, R. L.; Krische, M. J., Org. Lett. 2008, 10 (5), 1033-1035. 
34  Bower, J. F.; Skucas, E.; Patman, R. L.; Krische, M. J., J. Am. Chem. Soc. 2007, 129 (49), 15134-
15135. 
35  In a cursory reading of major chemical supply company catalogues, Ir complexes were at least twice 
as expensive as the next most expensive metal complex used in similar reactions (ie Ru complexes). 
36  (a) Ngai, M.-Y.; Skucas, E.; Krische, M. J., Org. Lett. 2008, 10 (13), 2705-2708.; (b) Shibahara, F.; 
Bower, J. F.; Krische, M. J., J. Am. Chem. Soc. 2008, 130 (20), 6338-6339. 
37  Bower, J. F.; Skucas, E.; Patman, R. L.; Krische, M. J., J. Am. Chem. Soc. 2007, 129 (49), 15134-
15135. 
38  Kim, I. S.; Ngai, M.-Y.; Krische, M. J. J. Am. Chem. Soc. 2008, 130, 6340-6341. 
39  Dechert-Schmitt, A.-M. R.; Schmitt, D. C.; Krische, M. J. Angew. Chem. Int. Ed. 2013, 52, 3195-
3198. 
40  Tsuji, Y.; Mukai, T.; Kondo, T.; Watanabe, Y., J. Organomet. Chem. 1989, 369 (3), C51-C53. 
41   Kondo, T.; Ono, H.; Satake, N.; Mitsudo, T.-a.; Watanabe, Y., Organometallics 1995, 14 (4), 1945-
1953. 
42  Han, S. H.; Geoffroy, G. L.; Dombek, B. D.; Rheingold, A. L., Inorg. Chem. 1988, 27 (24), 4355-
4361. 
43  Fagnou, K.; Lautens, M., Angew. Chem. Int. Ed. 2002, 41 (1), 26-47. 
44  Milicevic, S. D. Ruthenium-Catalyzed Nucleophilic Allylation of Aldehydes. Postdoctoral Report, 
University of Illinois - Urbana/Champaign, 2009. 
 
56 
 
 
45  Nguyen, S. T. Ruthenium Catalyzed Allylation of Aldehydes. Postdoctoral Report, University of 
Illinois - Urbana/Chamapaign, 2008. 
46   Laine, R. M.; Rinker, R. G.; Ford, P. C., J. Am. Chem. Soc. 1977, 99 (1), 252-253. 
47  Vasylyev, M.; Alper, H., J. Org. Chem 2010, 75 (8), 2710-2713 
48 The exact amount of unreacted benzaldehyde 1.1a in each reaction was not able to be quantified due 
to partial oxidation to benzoic acid during purification. 
49 pKa values obtained from :http://research.chem.psu.edu/brpgroup/pKa_compilation.pdf and 
references therein Compiled by Williams, R. ; Jencks, W. P. ; Westheimer, F. H. 
50  Komiya, S.; Kabasawa, T.; Yamashita, K.; Hirano, M.; Fukuoka, A., J. Organomet. Chem. 1994, 
471 (1–2), C6-C7. 
51  Montgomery, T. P.; Hassan, A.; Park, B. Y.; Krische, M. J., J. Am. Chem. Soc. 2012, 134 (27), 
11100-11103. 
52  The use of 85 °C for the reaction temperature was observed to push aldehyde conversion to a fuller 
extent. 
53  Sbrana, G.; Braca, G.; Piacenti, F.; Pino, P., Synthesis of π-allylruthenium tricarbonyl halides. J. 
Organomet. Chem. 1968, 13 (1), 240-242. 
54 Schulz, H.; Görling, A.; Hieringer, W. Inorg. Chem. 2013, 52, 4786-4794. 
55 Chen, Y.; Zhang, F.; Xu, C.; Gao, J.; Zhai, D.; Zhao, Z. J. Phys. Chem. A 2012, 116, 2529-2535. 
56 Lee, J. P.; Ke, Z.; Ramírez, M. A.; Gunnoe, T. B.; Cundari, T. R.; Boyle, P. D.; Petersen, J. L. 
Organometallics 2009, 28, 1758-1775. 
57  Xue, P.; Bi, S.; Sung, H. H. Y.; Williams, I. D.; Lin, Z.; Jia, G. Organometallics, 2004, 23, 4735-
4743. 
58 Denmark, S. E.; Weber, E. J. Helv. Chimi Acta 1983, 66, 1655-1660. 
59  Sakaki, S.; Ohki, T.; Takayama, T.; Sugimoto, M.; Kondo, T.; Mitsudo, T. Organometallics, 2001, 
20, 3145-3158. 
60  (a) Feng, J.; Garza, V. J.; Krische, M. J. J. Am. Chem. Soc. 2014, 136, 8911-8914.; (b) Masuyama, 
Y.; Nakata, J.; Kurusu, Y. J. Chem. Soc. Perkin Trans. 1, 1991, 2598-2599., (c) Fujimura, O.; Takai, 
K.; Utimoto, K. J. Org. Chem. 1990, 55, 1705-1706. 
61  Araki, S.; Kameda, K.; Tanaka, J.; Hirashita, T.; Yamamura, H.; Kawai, M J. Org. Chem. 2001, 66, 
7919-7921. 
62  (a) Bartlett, S.; Bose, D.; Ghori, D.; Mechsner, B.; Pietruszka, J. Synthesis 2013, 45, 1106-1114.; (b) 
Fernandez, E.; Pietruszka, J.; Frey, W. J. Org. Chem. 2010, 75, 5580-5589.; (c) Cho, H. Y.; Morken, 
J. P. J. Am. Chem. Soc. 2008, 130, 16140-16141 
57 
 
Chapter 2:  
Investigations into an enantioselective ruthenium-catalyzed allylation 
of aldehydes, mediated by the Water-Gas Shift reaction 
 
2.1. INTRODUCTION 
The ability to generate enantioenriched products is a clear goal of organic chemistry in both 
the synthesis of natural products and fine chemical synthesis. Often times chiral pool sugars or 
amino acids can be used in the synthesis of a desired compound.1 Alternatively, the use of 
enzymes can allow for the formation of enantioenriched compounds from racemic or achiral 
starting materials.2 However, each of these methods require that the desired compound can either 
be synthesized from the specific chiral pool compounds or has a method to generate it via 
enzymatic processes. More often, a chiral, enantioenriched molecule in generated through the 
action of another chiral additive or reagent. However, through this action a wide variety of 
enantioselective reactions have been designed and employed in the formation of enantioenriched 
molecules. 
The enantioselective allylation of aldehydes has a rich history in synthetic organic chemistry. 
Many of the methods described in Chapter 1 generate the enriched alcohol stereocenter in the 
homoallylic alcohols in high yields and selectivities. Whether through the use of auxiliary-based 
methods or chiral additives/catalysts, vast varieties of aldehydes have been successfully 
employed in this reaction and shown to be of further synthetic use. It is with the goal of 
introducing stereoinduction into the ruthenium-catalyzed allylation reaction mediated by the 
Water-Gas Shift reaction (WGSR) that the current research program was directed. 
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2.2. BACKGROUND 
2.2.1. Enantioselective Allylation of Aldehydes 
2.2.1.1. Models for Enantioselectivity. The mechanism by which the enantioselective 
allylation of carbonyl compounds occurs differs based upon the allyl metal that is employed in 
the reaction.  For Mg, Ti, B, and In allylic reagents, a cyclic, six-membered Zimmerman-Traxler-
type3 mechanism can be considered (Scheme 2.1a); however, for Si and Sn allylic reagents, an 
acyclic model is instead used to explain the formation of enantioenriched product (Scheme 
2.1b).4 It is with these models in mind that a significant number of metal allylation reagents or 
chiral additives have been designed and employed in enantioselective allylation reactions.5 
 
SCHEME 2.1. 
 
 
2.2.1.2. Enantioselective Considerations for Ruthenium. In the effort to design an 
enantioselective method for the ruthenium-catalyzed allylation reaction, it is beneficial to know 
through which allylation type the reaction progresses. Based on a computational study, the 
ruthenium-catalyzed allylation of aldehydes was shown to proceed through a 6-membered 
transition state, or a Type 1 allylation.6 Therefore, previous work on Type 1 allylations can be 
applied in an enantioselective study for ruthenium. 
One closely related system that has also been shown to undergo Type 1 allylations, and 
employs allyl acetate as the allyl source, is the iridium-catalyzed allylation of aldehydes as 
demonstrated by Krische et al (Scheme 2.2).7 In this reaction, the alcohol starting material also 
acts as the hydride source through a transfer hydrogenation mechanism. Like ruthenium, an 
oxidative addition event forms a metal π-allyl species that then undergoes an aldehyde insertion 
reaction to form a metal-bond alkoxide of the homoallylic alcohol. Krische et al. were able to 
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obtain a crystal structure of the Ir π-allyl species and used the information present in it to 
generate a stereochemical model (Figure 2.1). Complexation of aldehyde by the σ-allyl haptomer 
is postulated to occur to the C,O-benzoate. In this way, the sterically less demanding allyl group 
is placed between the naphthyl and phenyl rings of the ligand, allowing the aldehyde to reside in 
a more open environment. In the favored mode of addition, the aldehyde is bound such that the 
aldehyde C-H bond projects into the π-face of a phenyl ring of the ligand, giving rise to a weakly 
attractive aldehyde C-H π-interaction. In the disfavored mode of addition, the aldehyde is bound 
such that the R group of the aldehyde projects into the π-face of a phenyl ring of the ligand, 
giving rise to a severe steric hindrance.  
SCHEME 2.2. 
 
  
FIGURE 2.1.8 
 
As the basic reaction steps for the iridium-catalyzed allylation are similar to those of the 
ruthenium-catalyzed allylation, a similar approach be tried to design a ligand system for 
ruthenium. For instance, the formation of a ruthenium metallacycle, as in the iridium case, could 
create an environment in which chiral information could be effciciently transferred to the 
approach of the aldehyde on the allyl group.  
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2.2.2. Ru-catalyzed Allylation of Aldehydes via the WGSR 
2.2.2.1 Prior Attempts into Ligand-Modified Reaction. In the original research by Denmark et 
al. on the Ru-catalyzed allylation reaction, it was recognized that the use of a soluble chloride 
source was required for sufficient activity when a zero-valent ruthenium source was employed. 
One interpretation  of this requirement was that it could lead to an anionic ruthenium carbonyl 
species that was more reactive towards the allyl acetate during oxidative addition. Therefore, it 
was hypothesized that the use of a chiral anion instead of chloride (L2.1) or a chiral counteranion 
(L.22) could allow for close proximity of the chiral information to the ruthenium metal. 
Alternatively, the use of a neutral, bidentate chiral diol (L2.3) could also associate with the 
cluster. Unfortunately, none of these ligands resulted in any enantioenrichment of the product 
(Scheme 2.3).9 
SCHEME 2.3. 
 
 
As an amine was necessary in the use of RuCl3, two chiral amines, quinine and sparteine, 
were employed in the allylation reaction (Scheme 2.4). While both amines were able to form 
2.3a, no enantioenrichment of the product was observed.10 
SCHEME 2.4. 
 
 
To further investigate means in which the selectivity of the reaction could be altered when 
using unsymmetrical allyl acetates, a ligand screen was completed. One of the chosen ligands, 
(MesN=CH)2, was found to influence the selectively (Table 2.1). In the case of cinnamyl acetate, 
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the change was modest, but there was an increase in yield of the branched product with no 
increase in the linear product. Furthermore, with crotyl acetate, the anti:syn ratio was flipped 
when the diamine was employed, also with a corresponding decrease in yield. These 
observations highlighted that the diamine appears to be capable of interacting with the ruthenium 
and altering the outcome of the reaction.9 
 
TABLE 2.1. Effect of Added Diamine to Reactiona 
 
Entry R Additives 
Branched 
Yield (%) 
anti: 
syn 
Linear 
Yield (%) 
1 
Ph 
-- 10 1:0 5 
2 (MesN=CH)2 33 1:0 4 
3 
Me  
-- 95 1.63:1 -- 
4 (MesN=CH)2 51 1:1.59 -- 
a Isolated yield. 
 
2.2.2.2. Choice of Ligand Classes. In considering the choice for a ligand class to enable an 
enantioselective reaction, the previous work by Denmark et al. can offer some insights into 
which ligands could be viable in inducing enantioselectivity. For instance, the use of a diimine 
ligand was shown to influence the selectivity of the reactions in the use of two unsymmetrical 
allylic acetates; therefore, this could prove to be a viable starting point for a ligand screen.10 
Lastly, the use of three chiral, enantioenriched ligands failed to induce any enrichment in the 
alcohol products (Scheme 2.3). This lack of enantioenrichment could be due to their general non-
selectively in this reaction OR these ligands might not be able to coordinate to the ruthenium 
under the reaction conditions. To this latter effect, a pre-coordinated ruthenium complex might 
prove to have the most potential to generate enantioenriched product. With these considerations 
in mind, the use of oxazoline-based ligands are a promising backbone to begin with.  
The oxazoline ligands is an imine-like moiety present, which could allow for an impact on 
the reaction as with the diimines previously employed. As oxazolines are generated from amino 
alcohols, this allows for a straightforward method to alter the substituents at the stereogenic 
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carbon to further diversify the ligand if it proves viable. Furthermore, the linkages between the 
oxazoline rings can be greatly altered, allowing for a range of backbones to be tested. Perhaps 
most importantly, several of these compounds are known as a complex with ruthenium, allowing 
for the direct addition of a pre-complexed ruthenium complex to the allylation 
reaction.11,12,13,14,15 
2.3. RESEARCH OBJECTIVES 
The present research project is designed to discover a means to render the ruthenium 
catalyzed aldehyde allylation reaction mediated by the WGSR enantioselective. In particular, the 
following goals were identified as opportunities for improvements: 
(a)  Examine a variety of ruthenium-bound complexes that different in their ligand structure 
in order to discover a ligand backbone that can induce enantioenrichment into the formed 
homoallylic alcohols;  
(b) Expand upon the successful ligand structures discovered in (a) and further optimize the 
structures to obtain high levels of enantioenrichment; and 
(c) Apply the basic enantioselective allylation reaction to a scope of aldehydes to 
demonstrate general utility of the method 
2.4. RESULTS 
2.4.1. Initial Catalyst Screen 
2.4.1.1. Carbon-Ruthenium and Tridentate Ligand Complexes. The first catalyst structure 
investigated was designed with maximum binding to the ruthenium center in mind via the 
tridentate Phe-box ligand (Cat 2.1) structures which have two dative bonds to the ruthenium via 
the bisoxazoline rings and a single C-Ru bond as well. An additional benefit of using Phe-box 
type ligands is that the electronics of the ligand can be altered, thus changing the electronics of 
the metal center as it is connected directly to the aryl ring. This is important, as in the CO-
mediated process, the ruthenium needs to remain a nucleophilic metal center throughout the OA 
and aldehyde insertion steps of the catalytic cycle. Also tested was a Pybox type ligand complex 
(Cat 2.2) which maintains the tridentate nature of Phe-box, but changes the electronics by the 
exchanging of a C-Ru covalent bond for a N-Ru dative bond. Lastly, a benzyl ruthenacycle (Cat 
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2.3) was employed as bidentate ligand with a C-Ru bond (Table 2.2). Each of these catalyst gave 
yield of 2.3 but were racemic. 
 
TABLE 2.2. C-Ru and Tridentate Ru-Complex Screena 
 
Entry Ru Cat 
2.3 Yield 
(%) 
e.r. 
1 Cat 2.1 38 49:51 
2 Cat 2.2 98 49:51 
3 Cat 2.3 75 49:51 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
2.4.1.2. Bidentate Oxazoline Ligand Complexes. Next examined were those ligand 
complexes which were bidentate and only involved dative N-Ru bonds and includes those with 
no carbon bridge (Cat 2.4), a one-carbon bridge (Cat 2.5a), a two-carbon bridge (Cat 2.6), or a 
mixed, pyridine-oxazoline backbone (Cat 2.7). Each of these known ligands were screened 
under the standard reaction conditions (Table 2.3). While again racemic results were found, the 
use of Cat 2.5a showed a modest enantioenrichment of 2.3a of 40:60, the only non-racemic 
result yet found. Further studies were oriented to exploring the identity of the substituents at the 
stereogenic carbon of Cat 2.5. 
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TABLE 2.3. Bidentate Oxazoline Ru-Complex Screena 
 
Entry Ru Cat 
2.3a Yield 
(%) 
e.r. 
1 Cat 2.4 58 49:51 
2 Cat 2.5a 90 40:60 
3 Cat 2.6 46 49:51 
4 Cat 2.7 94 49:51 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
2.4.2. Bisoxazoline Ru Catalysts 
2.4.2.1. Optimization of Bidentate Oxazoline Ligand Complexes. Following this initial hit for 
enantioselectivity, an investigation of the effect of the leaving group on the allyl pro-nucleophile 
was conducted as the leaving group is presumed to remain bound to the ruthenium during the 
reaction and could have an effect on the activity of the catalyst (Table 2.4). The use of OAc as 
the leaving group was preferred to OCO2Me or Cl as both yield and selectivity were higher. 
 
TABLE 2.4. Effect of Leaving Group on Enantioselectivitya 
 
Entry R 
2.3a Yield 
(%) 
e.r. 
1 OAc 77 44:56 
2 OCO2Me 78 48:52 
3 Cl 7 48:52 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
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To determine if an equilibrium existed between the bound and unbound ruthenium, an 
experiment was run with the addition of more equivalents of free ligand (Table 2.5). 
Interestingly, there was observed an increase in the e.r. value, up to a maximum of 25:75 with 30 
mol % extra ligand added.  
 
TABLE 2.5. Effect of Additional L2.8a Loading on Enantioselectivitya 
 
Entry 
L2.8a 
(mol %) 
2.3a Yield 
(%) 
e.r. 
1 6 59 30:70 
2 30 40 25:75 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
Seeking to expand the chemical space for Cat 2.5, additional bisoxazoline ligands were 
synthesized and complexed to ruthenium and tested under both the basic reaction conditions and 
with an additional equivalent (w.r.t Ru mol %) of the corresponding ligand (Table 2.6). In 
general, the addition of ligand caused a higher e.r. value, but with diminished yield. Furthermore, 
those ligands with a phenyl substituent at the stereocenter gave the highest enantioselectivity. 
 
TABLE 2.6. Effect of Additional L2.8a Loading on Enantioselectivitya 
 
continued 
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 TABLE 2.6. (CONTINUED) Effect of Additional L2.8a Loading on Enantioselectivitya 
  
Entry Ru Cat L2.4 
2.3a Yield 
(%) 
e.r. 
1 
Cat 2.5b 
-- 93 32:68 
2 L2.4a 69 25:75 
3 
Cat 2.5c 
-- 60 45:55 
4 L2.4b 5 42:58 
5 
Cat 2.5d 
-- 28 43:57 
6 L2.4b 31 40:60 
7 
Cat 2.5e 
-- 32 49:51 
8 L2.4a 1 -- 
9 
Cat 2.5f 
-- 61 65:35 
10 L2.4c 54 52:48 
11 
Cat 2.5g 
-- 24 49:51 
12 L2.4d 45 46:54 
13 
Cat 2.5h 
-- 53 48:52 
14 L2.4e 18 46:54 
15 
Cat 2.5i 
-- 56 51:49 
16 L2.4f 1 -- 
17 
Cat 2.5j 
-- 89 32:68 
18 L2.4g 85 29:71 
19 
Cat 2.5k 
-- 73 64:36 
20 L2.4h 64 69:31 
21 
Cat 2.5l 
-- 85 39:61 
22 L2.4i 22 22:78 
23 Cat 2.5m -- 72 56:44 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
During the course of the set-up for these reactions, it was observed that a color change 
happened when Et3N was added to the reaction mixture containing the catalyst and solvent. A set 
of experiments were run without Et3N added and no immediate color change was observed 
(Table 2.7). Furthermore these reactions displayed very low yields and no enantioenrichment, 
clearly demonstrating that Et3N plays a vital role in the reaction. 
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TABLE 2.7. Effect of Exclusion of Et3N on Enantioselectivity
a 
 
 
Entry Ru Cat 
2.3a Yield 
(%) 
e.r. 
1 Cat 2.5a 3 49:51 
2 Cat 2.5b 0 -- 
3 Cat 2.5c 22 49:51 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
A further probe of the effect of Et3N loading on the reaction was examined with varying 
amounts of Et3N (Table 2.8). Aside from 5 mol % Et3N, increasing amount of Et3N (even about 
the theoretical amount of acetic acid generated, 150 mol %) had little effect on e.r. and a non-
specific effect to 2.3a yield. 
 
TABLE 2.8. Effect of Et3N loading on Enantioselectivity
a 
 
Entry 
Et3N 
(mol %) 
2.3a Yield 
(%) 
e.r. 
1 5 95 43:57 
2 10 79 36:64 
3 20 88 35:65 
4 40 80 36:64 
5 80 77 33:67 
6 200 85 32:68 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
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As e.r. values typically decrease with increasing temperature, the reaction was run at 50 °C 
instead of 75 °C with a number of Ru-complexes (Table 2.9). With the lower temperature, some 
increase in e.r. values was observed for Cat 2.5b, but at the cost of a much reduced yield when 
compared to the normal 75 °C reactions. The other reactions typically just demonstrated lower 
2.3a yields. 
TABLE 2.9. Effect of Temperature on Enantioselectivitya 
 
 
Entry Ru Cat 
2.3a Yield 
(%) 
e.r. 
1 Cat 2.5a 43 43:57 
2 Cat 2.5b 20 29:71 
3 Cat 2.5c 6 43:57 
4 Cat 2.5h 11 48:52 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
2.4.2.2. Computer-Aided Catalyst Design. In an effort to further expand the chemical space 
encompassed by the bisoxazoline ligands, an effort in the group was made to synthesize a library 
of novel bisoxazoline ligands. This library was generated using a computer-guided algorithm to 
ensure they select ligands that were as different from each other as they could be in chemical 
space. This could enable an attribute of the ligand to be noticed that might otherwise be 
overlooked in the normal iterative ligand synthesis process. 
Before these ligands were tested, an attempt was made to determine if the pre-coordinated 
ruthenium complexes were necessary or if just the addition of ligand to a ruthenium catalyst was 
sufficient. Therefore, using ligand 2.8a, a screen of ruthenium catalysts was run (Table 2.10). It 
was found that the use of RuCl2(DMSO)4 was able to give enriched product without the need for 
pre-coordination. 
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TABLE 2.10. Effect free-ligand Addition to Ruthenium Sources on Enantioselectivitya 
 
Entry 
Ruthenium 
Catalyst 
L2.4a 
(equiv) 
e.r. 
1 RuCl2(DMSO)4 1 25:75 
2 RuCl2(DMSO)4 2 31:69 
3 RuCl2(DMSO)4 5 24:76 
4 RuCl2(cod)n 1 24:76 
5 RuCl2(cod)n 2 31:69 
6 RuCl3NO 1 43:57 
7 RuCl3NO 2 25:75 
8 RuCl3NO 5 ND 
9 [RuCl2(CO)3]2 1 30:70 
10 [RuCl2(CO)3]2 2 24:76 
11 [RuCl2(CO)3]2 5 27:73 
12 Ru(acac)3 1 No Rxn 
13 Ru(acac)3 2 No Rxn 
14 Ru(acac)3 5 No Rxn 
15 RuCl2(PPh3)3 1 No Rxn 
16 RuCl2(PPh3)3 2 No Rxn 
17 RuCl2(PPh3)3 5 No Rxn 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
With the use of RuCl2(DMSO)4 decided, the screen of free ligands was conducted (Table 
2.11). While some ligands were able to give high e.r. values, especially the pyrene bisoxazoline, 
the number of non-racemic results were not sufficient to proceed further with the computational 
analysis. 
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TABLE 2.11. Computer-Guided Ligand Survey 
 
Entry L e.r. Entry L e.r. 
1 
 
No rxn 
No rxn 
9 
 
25.8 : 74.2 
24.5 : 75.4 
2 
 
No rxn 
No rxn 
10 
 
46.0 : 54.0 
45.4 : 54.6 
3 
 
45.1 : 54.9 
46.9 : 53.1 
11 
 
46.0 : 54.0 
45.4 : 54.6 
4 
 
49.2 : 50.8 
49.3 : 50.7 
12 
 
60.2 : 39.8 
58.6 : 41.4 
5 
 
69.0 : 31.0 
67.4 : 32.6 
13 
 
37.7 : 62.3 
32.8 : 67.2 
6 
 
50.1 : 49.9 
50.4 : 49.6 
14 
 
59.7 : 40.3 
53.8 : 46.2 
7 
 
46.9 : 53.1 
46.3 : 53.7 
15 
 
52.1 : 47.9 
54.7 : 45.3 
8 
 
49.1 : 50.9 
49.1 : 50.9 
16 
 
48.8 : 51.2 
49.5 : 50.5 
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2.4.2.3. Aldehyde Scope. To test for the generality of this enantioselective reaction for other 
aldehydes, 1.1b and 1.1c were screened with several ruthenium-complexes (Table 2.12). 
Unfortunately, in nearly all cases there was no enantioenrichment and even in the case of 1.1b 
with Cat 2.5i, the enantioenrichment was very modest (Entry 3). 
 
TABLE 2.12. Aldehyde Screen for Chiral Ru-complexesa 
 
 
Entry 1.3x Ru Cat 
2.1 Recovery 
(%) 
e.r. 
1 
 
Cat 2.5b 46 Rac 
2 Cat 2.5m 47 Rac 
3 Cat 2.5l 1 40:60 
4 Cat 2.5i 1 Rac 
5 Cat 2.4 45 Rac 
6 Cat 2.6 64 Rac 
7 
 
Cat 2.5b 89 Rac 
8 Cat 2.5m 93 Rac 
9 Cat 2.5l 94 Rac 
10 Cat 2.5i 94 Rac 
11 Cat 2.4 91 Rac 
12 Cat 2.6 88 Rac 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
2.4.2.4. Other Bisoxazoline Ru Catalysts. As the arene ligand on the Ru-complexes seemed 
to have an effect on the enantioselectivity of the reaction (compare Cat 2.5a and Cat 2.5b), an 
additional set of catalysts were synthesized with either a 1,5-cyclooctadiene ligand in place of 
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the arene or the use of a RuIII metal center (Table 2.13). With this ligand set, the highest yet e.r. 
was obtained in the cat of Cat 2.5q, however 1.3a yield was very minimal and even in this case, 
the result was not significantly different from the basic Cat 2.5l parent. 
 
TABLE 2.13. Non-arene Ligand-based Ruthenium Complexesa 
 
Entry 
Ruthenium 
Catalyst 
L2.4 
Yield 2.3a 
(%) 
e.r. 
1 Cat 2.5n -- 73 32:68 
2 Cat 2.5o -- 28 27:73 
3 Cat 2.5o L2.4a 16 25:75 
4 Cat 2.5p -- 51 46:54 
5 Cat 2.5p L2.4b 46 40:60 
6 Cat 2.5q -- 15 28:72 
7 Cat 2.5q L2.4i 4 21:79 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
2.4.3. Nitrogen-bridged Ru Catalysts 
2.4.3.1. Initial Screen. A closer examination of the previous results demonstrated two items: 
1) any substituent at the methylene bridge other than hydrogen resulted in no enantioenriched 
product and 2) that a color change was observed upon the addition of Et3N to the catalyst in 
solution. Taking these two observations together, it is possible that a deportation event is 
occurring at the bridge via Et3N, generating a different Ru-complex that might be the actual 
active species in solution. To probe this possibility, two new classes of ligand backbones were 
employed: semicorrin (2.9) and aza-bridged bisoxazoline (2.10). These ligands were used 
directly in a reaction with several ruthenium sources (Table 2.14). Interestingly, a high e.r. was 
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obtained with the use of L2.10a but not when Ru3(CO)12/TBACl was used with Et3N. In those 
cases with high e.r., however, the yield of 2.3a was very low and when the nitrogen was 
methylated as in the case of L2.10b, no enantioenrichment was observed. 
  
TABLE 2.14. Nitrogen-bridged Ligand Screena 
 
Entry Ruthenium Catalyst L 
Yield 2.3a 
(%) 
e.r. 
1 
RuCl
2
(DMSO)
4
 
Et
3
N (0.1 equiv) 
L2.5 95 47:53 
3 L2.6 2 28:72 
4 L2.7 20 54:46 
5 Ru
3
(CO)
12
 / 
TBACl 
Et
3
N (0.1 equiv) 
L2.5 85 50:50 
7 L2.6 80 41:59 
8 L2.7 75 52:48 
9 Ru
3
(CO)
12
 / 
TBACl 
Et
3
N (not added) 
L2.5 85 44:56 
11 L2.6 5 15:85 
12 L2.7 90 47:53 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
To further probe this effect, the amount of Et3N added to the reaction was varied in use with 
L2.10a (Table 2.15). There was clearly an inverse relationship between increasing Et3N loadings 
and e.r. values. 
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TABLE 2.15. Effect of Et3N loading with Nitrogen-bridged Ligand on Enantioselectivity
a 
 
Entry 
Et3N 
(mol %) 
Yield 2.3a 
(%) 
e.r. 
1 5 5 20:80 
2 6 20 14:86 
3 7 92 41:58 
4 8 95 38:62 
5 9 95 39:61 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
As competitive binding was a possibility for this lowering of e.r. with increasing yield, other 
means to promote the reaction were attempted, such as an increase in CO pressure (Table 2.16). 
Higher pressures of CO were shown to have an effect similar to increased Et3N loadings and; 
furthermore, these two effects were synergistic as shown with entries 5-7. As further attempts to 
increase the e.r. value without lowering the yield were not found, this course of work was ended. 
 
TABLE 2.16. Effect of Et3N loading and CO Pressure on Enantioselectivity
a 
 
Entry 
Et3N 
(mol %) 
CO 
(psi) 
Yield 2.3a 
(%) 
e.r. 
1 
0 
40 5 15 : 85 
2 60 20 22 : 78 
3 80 95 39 : 61 
4 100 95 37 : 62 
5 
5 
40 5 20 : 80 
6 60 20 38 : 62 
7 80 90 37 : 62 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
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2.5. DISCUSSION 
2.5.1. Rationale for Methylene-Bridged Bisoxazoline Selectivity 
Through the course of screening the seven initial ligand backbones (Cat 2.1-Cat 2.7), only a 
single structure was shown to be capable of inducing enantioenrichment in the homoallylic 
alcohol, Cat 2.5a. This observation is intriguing as the difference between some of the catalysts 
is quite minimal. In the case of Cat 2.1 and Cat 2.2, the distance between the ruthenium metal 
center and stereogenic carbon is further than the other catalysts tested due to the planar, three-
carbon bridge present in the ligand backbone, which might keep the stereo-defining features of 
the catalyst too far from the reaction center. In the case of Cat 2.3, it is possible that the methyl 
group is not a large enough group to influence the orientation of the aldehyde and allyl, 
especially when one half of the complex has no stereo-defining features, similar to Cat 2.7.  
However, in the cases of Cat 2.4-Cat 2.6, the difference of a single carbon in the backbone of 
the ligand was enough to induce any stereoinduction of 2.3a only when a single-carbon bridge 
was present as both a zero-carbon and two-carbon bridge gave no stereoinduction (Cat 2.4 and 
Cat 2.6). This seems peculiar considering how similar these catalyst structures are to not even 
induce a minor amount of enantioenrichment, revealing that another explanation for this 
difference is required. 
The most likely rationale for this result has to do with 1) the fact that Cat 2.5e also gave no 
enantioenrichment despite it being very similar to Cat 2.5a/Cat 2.5b and 2) the dependence on 
the inclusion of Et3N for reactivity and enantioenrichment. It is highly likely that the methylene 
carbon of Cat 2.5 is being deprotonated, generating a new species (Cat 2.5b’) that might be 
what leads to the enantioenrichment of 2.3a (Scheme 2.5). The complex Cat 2.5b’ would bind 
more tightly to the ruthenium metal, as the one nitrogen is now anionic, likely reducing the 
chance for ligand decomplexation and an increase in a background, racemic reaction. The other 
initial ligand backbones are unable to undergo any sort of deprotonation event or, if they can, as 
in the case of Cat 2.3, the resulting species is achiral. 
SCHEME 2.5. 
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The use of the aza-bridged ligands were an attempt to take advantage of this requirement for 
an anionic nitrogen to bind to ruthenium as the N-H bond is more susceptible to removal than the 
activated C-H bond in the methylene-bridged bisoxazolines. This would then, in design, lead to a 
tighter binding of the ligand to ruthenium to further improve the enantioselectivity of the metal 
complex. In practice; however, this tighter binding served to significant retard the rate of the 
reaction and produced very little homoallylic alcohol. Encouraging, this alcohol product was 
highly enriched, showcasing the basic selectivity for the ligand set. In seeking to improve the 
yield of the reaction, L2.6 was used with varying equivalents of amine and CO pressure. 
However, any efforts to improve the yield resulted in a decrease in e.r. This reveals that the 
amine and possibly CO are competitive binders for ruthenium with the ligand, even when 
anionic. As the amine or CO equivalents are increased, this causes some ruthenium to become 
unbound and react in the background as racemic reaction. Based on the possible parameters, 
there was no logical way remaining to improve yield without causing a subsequent decrease in 
the e.r. value thus showing that a tight binding ligand was capable of producing highly enriched 
product, while generating a less active allylation metal. 
 
2.5.2. Methylene-Bridged Bisoxazoline Optimization 
Building upon the enantioselectivity demonstrated by the use of Cat 2.5a, additional 
bisoxazoline ligands were tried, both in the form of a ruthenium-complex and as a free ligand in 
solution. This study did discover some ligands that were more selective than the parent, phenyl 
substituted ligand (L2.4a); however, they suffered from decreased yields. Furthermore, the 
addition of extra ligand to the reaction was able to, in most cases, boost the e.r., also at a cost of 
decreased yield. This observation seems to indicate that the allylation reaction catalyzed by the 
ruthenium-complex is slower than the background, racemic reaction and excess ligand serves to 
influence the equilibrium towards more bound ruthenium. This binding event also appears to be 
influenced by the size of the substituents at the stereogenic carbon as the synthesis of Cat 2.5f 
with the t-butyl substituents took additional equivalents of the parent bisoxazoline and longer 
time to achieve an acceptable amount of complexation prior to isolation.  
This binding equilibrium or the difficulty of the ligand to bind to the ruthenium metal center 
during the course of the reaction could be part of the reason why many of the computer-guided 
ligands failed to achieve high e.r. values when increased bulk was added to the phenyl ring on 
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the stereogenic carbon when simpler substitutions or those which had less impact very close to 
the ruthenium, such as the pyrene and naphthyl bisoxazolines, were able to still achieve high e.r. 
values. In this same vein, the use of benzyl-substituted bisoxazoline were universally unable to 
achieve good e.r. values, if any enantioenrichment was even observed. This is likely due to both 
the more flexible nature of the benzyl substituent AND the fact the steric bulk of said substituent 
is located further from the metal center, thus decreasing its ability to influence the 
stereochemical outcome of the reaction. Likewise, the use of purely alkyl substituents were 
equally ineffective as they did not have the required steric bulk to cause any significant 
perturbations in the transition states. 
 
2.5.3. Stereodetermining Step 
In those carbonyl allylation reactions that proceed through a closed, six membered transition 
state, the stereodetermining step is the aldehyde insertion reaction.4,6 This is likely to be the same 
case for the ruthenium-catalyzed allylation of aldehydes, as previously documented.7 Therefore, 
it is with this transition state in mind that the origin of enantioselectivity should be considered. 
Working with another member of the Denmark group,16 computation studies on the transition 
state structure for the reaction of 2.1a and 2.2 with a catalyst structure based on L2.4a were 
performed to reveal insights into the energies of the different states (Figure 2.1 and Figure 2.2). 
As seen in the energy diagram, the difference in energies between the two transition states of 
interest (TS1 and TS2) which lead to the two enantiomers are about 0.8 kcal/mol apart, which 
corresponds to an e.r. value of 79:21, which is similar to the best values found for Cat 2.5b, 
demonstrating a decent fit. 
 
FIGURE 2.2. Transition state energies for enantioselective Ru-catalyzed allylation 
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The interactions of note between the aldehyde and ligand are indicated by the green circles in 
Figure 2.2. As can be seen, there does exist a slight difference in steric interactions between the 
two phenyl rings, which accounts for the observed difference in energies. However, any attempts 
to add additional steric bulk to the phenyl substituent of the bisoxazoline ligand is likely to affect 
the interaction in both transition states, as can be evidenced through the attempted use of Cat 
2.5m (Table 2.6). 
 
      
 
FIGURE 2.3. Transition state structures for Figure 2.1. (Structures below are simplified versions 
of the 6-membered transitions state structure.) 
 
2.5.4. Aldehyde Scope 
As part of the enantioselective investigation into the ruthenium-catalyzed allylation reaction, 
the ability to generate enantioenriched products from aldehydes other than aryl aldehydes was 
sought. Unfortunately, in only one case was any enantioenrichment observed and only for an 
alkenyl aldehyde in low selectivity. This seems to indicate the stereochemical environment 
around the ruthenium metal center is even less capable of differentiating an H and a CH2 or CH 
than it was for an H and aryl. While other catalyst designs with more expansive steric parameters 
are possible, based upon the optimization attempts for a simple aryl aldehyde, the prospect of 
finding a substituent that can balance both yield and selectivity seems low. 
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2.6. CONCLUSION 
The ruthenium-catalyzed, nucleophilic allylation of aldehydes has been successfully shown 
to be capable of being an enantioselective reaction. Several classes of chiral ligands differing in 
their backbone structure were examined and those contained a single-atom bridge between two 
bisoxazoline rings were able to induce enantioenrichment in the homoallylic alcohol products. 
However, the levels of enantioenrichment are below what would be considered synthetically 
viable. Furthermore, the scope of aldehydes that are possible to be enantioenriched appear to be 
limited to simple aryl aldehydes as both an aliphatic and alkenyl aldehyde were shown to be 
nearly racemic, even with the use of an optimized bisoxazoline complex.  
Insights into the role of the amine in the reaction were investigated and appear to indicate 
that a deprotonation event was necessary for enantioinduction to occur. Additionally, the 
influence of temperature and other reaction components were studied, indicating that any 
improvement in selectivity corresponded with a subsequent (and significant) decrease in yield. 
This gives great concern for the potential to achieve significant synthetic utility. 
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Chapter 3:  
Alternative approaches to the allylation of aldehydes, mediated by the 
Water-Gas Shift reaction 
 
3.1. INTRODUCTION 
The ruthenium-catalyzed allylation of aldehydes has shown to be a highly efficient allylation 
reaction that does not require the use of a stoichiometric metal reductant or a pre-reduced allyl 
source.1,2 The application of the Water-Gas Shift reaction (WGSR) generates the reduction 
potential to reduce ruthenium and complete the catalytic cycle. During this process, the only by-
products are acetic acid and carbon dioxide, clearly highlighting the atom economic and 
environmental improvement of this method over other metal-mediated allylation reactions.3 
Despite these improvements, there exist two major limitations for the current WGSR-based 
allylation: 1) dependence on ruthenium as the metal catalyst, and 2) the use of increased 
temperature to promote the reaction. Ideally, the use of a more abundant metal or a room 
temperature process would significantly increase the synthetic utility.  
Progress in this direction is well aligned with the movement in industry to use more 
sustainable practices. Specifically, one of the first “Grand Challenges” as presented by the NRC 
seeks to “identify appropriate solvents, control thermal conditions, and purify, recover, and 
formulate products that prevent waste and that are environmentally benign, economically viable, 
and generally support a better societal quality of life.” 4 With this effort in mind, the two 
aforementioned limitations of the current WGSR reaction are the focus of the currently presented 
research. First and foremost, the possibility for an iron catalyst to replace ruthenium as the metal 
source for the reaction will be investigated, and second, a means to reduce the temperature of the 
allylation reaction will be examined by way of photochemical activation of the metal. 
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3.2. BACKGROUND 
3.2.1. Iron-Mediated Allylation 
3.2.1.1. Current Examples of Allylations of Carbonyl Compounds by Iron. The use of iron 
has wide applications in organic chemistry that range from acting as a Lewis acid to a radical 
initiator to an alkylating agent.5 Occupying the first row of the periodic table, iron is both highly 
abundant and relatively benign in regards to health concerns. The allylation chemistry of iron has 
been driven by this desire to find earth-abundant metals than can perform reactions that are 
traditionally regulated to the use of noble metals or those metals which have increased toxicity. 
One such example can be found by Chan et al. where elemental iron was employed in the 
allylation of aryl aldehydes in aqueous media (Scheme 3.1).6 In this process, the fluoride is 
thought to activate an Fe π-allyl species. When the reaction was run in the absence of fluoride, 
either from the elemental iron or iron π-allyl species, no allylation product was observed. 
 
SCHEME 3.1. 
 
 
Iron has also been employed in the allylation of carbonyl compounds with the use of another, 
stoichiometric metal reductant in work completed by Durandetti et al. (Scheme 3.2).7 In this 
reaction, Mn acts as the stoichiometric reductant and ZnBr2 likely aids in the formation of a zinc 
π-allyl species after transfer from the iron π-allyl species. 
 
SCHEME 3.2. 
 
3.2.1.2. Iron as a WGSR Metal. While iron has been shown to be an active metal in the 
WGSR, it is not as active as ruthenium or rhodium.8 Iron is the metal of choice when BASF was 
designing a WGSR metal catalyst to aid in the elimination of excess CO from water gas in the 
83 
 
Haber-Bosch process for the synthesis of ammonia gas.9 More recently, iron carbonyls have use 
in WGSR-mediated reactions including nitro and alkene reductions, dehalogenations, and 
hydroformylations (Scheme 3.3).10 
SCHEME 3.3. 
 
While the use of Fe3(CO)12/TBACl in the allylation reaction was examined by Denmark et 
al, a more thorough investigation of other reaction variables was not explored.1 To expedite this 
reaction discovery, the use of a Design of Experiment (DoE) study will be conducted.11 This 
method will allow for the significant reduction in the number of possible reactions to be run by 
using computer software to search widely across the chemical space of the chosen parameters.12 
 
3.2.2. Photoactivated WGSR 
3.2.2.1. Use of Iridium-Based WGSR Photocatalysts. The use of the energy from visible light 
to promote hydrogen generation via the WGSR is well precedented for iridium-based 
photocatalysts in work by Ziessel (Scheme 3.4).13 Key to the photocatalytic activity is the 
inclusion of the bipyridyl ligands as a Ir(Cp*)Cl2 dimer gave no formation of H2. Also important 
in this reaction was the pH of the aqueous solvent finding that a neutral pH gave the optimal 
turnover numbers. The oxidation of CO is favored in basic media while H2 formation being 
favored under acidic conditions. 
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SCHEME 3.4. 
 
 
The mechanism of the WGSR was defined by Ziessel for [Ir(Rbipy)Cp*Cl]+Cl‒ (R=COOH) 
in a landmark study (Scheme 3.5).14 Following the initial CO coordination to i and activation 
steps, turnover-limiting decarboxylation yields the neutral, coordinatively unsaturated complex 
iv, the intermediacy of which has been established by direct isolation. Protonation of the metal 
center furnishes the hydrido intermediate v, which is prone to photoexcitation and protonation of 
the excited state vi, and reductive elimination of H2. The requirement for light in the final 
protonation step was demonstrated by the lack of reactivity of complex v in the dark. 
SCHEME 3.5. 
 
 
3.2.2.2. Use of Ruthenium-Based WGSR Photocatalysts. Like iridium, ruthenium 
photocatalysts have also found use in the WGSR in the work by Cole-Hamilton et al., albeit it at 
increased temperature compared to the use of iridium photocatalysts (Scheme 3.6).15 Like the 
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iridium catalysts employed Ziessel, a bipyridyl ligand acts as the antennae. In this ruthenium-
catalyzed work, it was shown that the generation of CO2 occurs thermally but the release of 
hydrogen is photochemical process as a reaction run in the absence of light did not generate any 
H2, but did form CO2. 
SCHEME 3.6. 
 
The mechanism of the WGSR under ruthenium photocatalysis is similar to that of iridium 
and is shown in Scheme 3.7. The ruthenium-water species vii is not placed into the catalytic 
cycle as carbonylation of viii was reported to be faster than aquation. Ultimately, it was 
determined that the photochemical loss of H2 is the rate-determining step for the WGSR. 
SCHEME 3.7. 
 
In another report, Tanaka et al. reported the same ruthenium catalysts were active for the 
WGSR under non-photochemical conditions with higher CO pressures in aqueous alkaline 
solutions (Scheme 3.8).16 While it is therefore possible for these ruthenium catalysts to be active 
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in the WGSR without the energy from visible light, the conditions that will be tested are more 
akin to those by Cole-Hamilton. 
SCHEME 3.8. 
 
 
3.3. RESEARCH OBJECTIVES 
The present research project is designed to further improve the synthetic utility of the 
WGSR-mediated allylation reaction through two different alternative activation methods 
(a)  Use iron as a replacement for ruthenium in the allylation of aldehydes; and 
(b)  Perform the reaction at room temperature through the use of visible light energy and 
iridium or ruthenium photocatalysts. 
3.4. RESULTS 
3.4.1. Iron-Catalyzed Allylation of Aldehydes 
3.4.1.1. DoE Study. Taking into consideration both the current methods to perform an iron0-
catlyzed allylation reaction and prior work on the ruthenium-catalyzed WGSR, several 
parameters were varied in the DoE study (Scheme 3.9): 
1) Iron source: iron in oxidation sources from Fe0 to FeIII were employed in 10 mol % to give 
an appreciable yield even if only a stoichiometric reaction was performed; 
2) Additives: an assortment of organic bases and ligands to aid in the promotion of the 
WGSR or stabilization of the metal; 
3) Solvent: variety of polar aprotic and polar protic solvent which were previously shown to 
be viable solvents in the WGSR allylation reactions; 
4) CO pressure: from 30 to 210 psi to gain an idea of the role of metal stabilization; 
5) Temperature: from RT to 125 °C to find an optimal range for the reaction from most 
desired to forcing conditions; 
6) H2O equivalents: from 0 to 10 to check for reactions that would occur in the absence of 
water to forcing conditions; and 
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7) TBACl equivalents: from 0 to 1 as has been previously shown to be an activator for metal 
carbonyls in the WGSR 
With the aid of Design-Expert, a randomized assortment of reaction conditions were selected 
and performed (>200 permutations, details in Chapter 4)   
 
SCHEME 3.9. 
 
 
While product was observed during the course of these reactions, it was never more than the 
amount of iron catalyst added to the reaction. More significantly, this nearly stoichiometric 
reaction was found most often when Fe3(CO)12 was used. Furthermore, significant amounts of 
colloidal iron was found lining the reaction vials after many of the reactions. 
 
3.4.1.2. Additional Experiments. Thinking that the ligand stabilization of iron was 
insufficient under the conditions of the DoE, an iron-complex was employed in another allylation 
attempt (Table 3.1). In all cases, only a minimal amount of 3.3 was formed. In sulfolane, the 
primary product from the reaction was reduction of 3.1 to 3.4, with even less 3.3 formed. 
Therefore, this was not revealed to be an effective means to catalyze the WGSR. 
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TABLE 3.1. Use of Ligated Iron Carbonyl Complexa 
 
Entry Solvent Additive 
3.1 Recovery 
(%) 
3.3 Conversion 
(%) 
3.4 Conversion 
(%) 
1 
Dioxane 
None 89 2 0 
2 BnEt3NCl 93 3 3 
3 BINAP 94 <1 0 
4 PPh3 94 <1 0 
5 2,2'-bipyridine 91 0 0 
6 (S,S)-bisox-Ph 88 1 0 
7 
Sulfolane 
None 46 <1 45 
8 BnEt3NCl 47 <1 50 
9 BINAP 1 <1 85 
10 PPh3 1 <1 100 
11 2,2'-bipyridine 45 <1 44 
12 (S,S)-bisox-Ph 64 <1 34 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
3.4.2. Photochemical-Activated WGSR 
3.4.2.1. Iridium Photocatalysts. To orient the study into the use of iridium photocatalysts as a 
means to perform room temperature WGS allylation reactions, 3.1 and 3.2 were added to the 
reaction conditions that the iridium photocatalysts were active in (Table 3.2). Under these 
conditions, only 3.4 was the major product with barely any 3.3 being formed. 
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TABLE 3.2. Initial Use of Iridium Photocatalystsa 
 
Entry Ir Source 
3.3 Conversion  
(%) 
3.4 Conversion 
(%) 
1 IrCp*(bpy)Cl / IrCp*(phen)Cl <1 70 
2 IrCp*(bpy)Cl <1 24 
3 IrCp*(phen)Cl <1 17 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
To see if the generation of hydrogen was reduced when an organic solvent was used, a 
reaction screen was run with dioxane as the base solvent and the phosphate buffer solution added 
in increments (Table 3.3). No activity for the formation of either product was observed below 10 
equiv of the buffer solution and even past that point, only 3.1 reduction was observed. 
Encouraging, however, was that the formation of 3.4 could be suppressed with lower buffer 
loadings. 
 
TABLE 3.3. Effect of Dioxane/Buffer Solvent Mixture on 3.3 Conversiona 
 
Entry Buffer (equiv) 
3.3 Conversion  
(%) 
3.4 Conversion 
(%) 
1 1.5 0 <1 
2 5 0 <1 
3 10 0 2 
4 15 0 1 
5 30 <1 1 
6 60 <1 31 
7 90 <1 20 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
  
As the iridium photocatalyst is stable and active under these reaction conditions, next was 
attempted a dual catalytic system with ruthenium acting under the allylation reaction and iridium 
photocatalyst acting as a means to reduce the ruthenium at room temperature via an iridium-
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hydride under the basic ruthenium-catalyzed reaction conditions (Table 3.4). In all cases when 
the iridium photocatalyst was added to the reaction as well as ruthenium, the conversion of 3.3 
was reduced. The use of the basic ruthenium catalyst at room temperature did give some product 
yield, but nothing of synthetic significance. 
 
TABLE 3.4. Dual Catalyst Approach under Ruthenium-Catalyzed Allylation Conditionsa 
 
Entry Ru cat 
Ir cat 
(mol %) 
3.3 Conversion  
(%) 
3.4 Conversion 
(%) 
1 
RuCl
3
 
6 3 0 
2 -- 8 0 
3 Ru
3
(CO)
12
 / 
TBACl 
6 2 0 
4 -- 16 0 
5 
[RuCl
2
(pcymene)]
2
 
6 6 13 
6 -- 20 0 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
A similar screen was again run, this time using the conditions shown to be active for the 
iridium photocatalyst (Table 3.5). The addition of bipyridine was to aid in stabilization of the 
iridium photocatalyst, however, no significant effect was observed, except for significant 
reduction of 3.1 when [RuCl2(pcymene)]2 was used (Entry 2). Similarly to before, in most of the 
reaction, only reduction was found to be prevalent, thereby showing that the iridium 
photocatalyst system was unlikely to product efficient yield of 3.3 and further progress ended. 
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TABLE 3.5. Dual Catalyst Approach under Iridium Photocatalyst Conditionsa 
 
Entry Ru cat 
bpy 
(equiv) 
3.3 Conversion  
(%) 
3.4 Conversion 
(%) 
1 RuCl3 0.25 0 35 
2 [RuCl2(pcymene)]2 0.25 1 85 
3 Ru3(CO)12 0.25 0 22 
4 Ru3(CO)12 / TBACl 0.25 0 13 
5 Ru(bpy)(CO)2Cl2 0.25 1 56 
6 Ru3(CO)12 -- 1 25 
7 Ru3(CO)12 / TBACl -- 0 25 
8 Ru(bpy)(CO)2Cl2 -- 10 49 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
3.4.2.2. Ruthenium Photocatalysts. As ruthenium has been shown to be a competent metal for 
the allylation of aldehydes mediated by the WGSR, the use of a photocatalyst based on 
ruthenium is a good method to try, even if the reported literature mentioned its photochemical 
activity only at elevated temperature. To begin the investigation, several ruthenium catalysts 
were run under normal allylation conditions to ensure that they were capable of producing 
homoallylic alcohols (Table 3.6). Only one of the catalysts was active under these conditions, 
Ru(bpy)(CO)2Cl2 as the other two used only returned 3.1. 
 
TABLE 3.6. Use of Ruthenium Photocatalysts under Normal Allylation Conditionsa 
 
Entry Ru cat 
3.1 Recovery  
(%) 
3.3 Conversion 
(%) 
1 RuCl2(bpy)2 95 0 
2 Ru(bpy)(CO)2Cl2 1 74 
3 [Ru(bpy)2(CO)Cl]PF6 97 1 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
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Taking this catalyst forward, a solvent screen was run with organic solvent and added buffer 
(similar to the screen run with Iridium, Table 3.3) to see if any conditions would give rise to a 
room temperature reaction (Table 3.7). Both 3.3 and 3.4 were observed in all reactions, and 
generally, the production of 3.4 was higher than 3.3 though in a few cases (Entries 5, 7, & 8) two 
compounds were made in equimolar amounts.  
 
TABLE 3.7. Effect of Solvent/Buffer Solvent Mixture on 3.3 Conversiona 
 
Entry Solvent 
buffer 
(equiv) 
3.3 Conversion  
(%) 
3.4 Conversion 
(%) 
1 Dioxane 60 16 17 
2 Dioxane 90 9 18 
3 Dioxane 120 10 15 
4 MeCN 60 9 34 
5 MeCN 120 10 9 
6 DMF 60 10 13 
7 DMF 120 9 10 
8 iPrOH 1.5 2 2 
9 iPrOH 60 3 21 
10 iPrOH 120 13 16 
11 Buffer -- 7 4 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard 
 
A stronger light source was next employed to see if it could aid in the promotion of either 
reaction (Table 3.8). The use of this stronger light source only increased the production of 3.4 
with no beneficial effect on 3.3 conversion. 
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TABLE 3.8. Effect of Stronger LED Source on 3.3 Conversiona 
 
Entry 
buffer 
(equiv) 
3.3 Conversion  
(%) 
3.4 Conversion 
(%) 
1 1.5 0 0 
2 30 0 45 
3 60 4 76 
4 90 3 60 
5 120 3 19 
6 Only 3 6 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard 
 
An additional reaction was run in the dark to check for any background reaction in the 
absence of light (Scheme 3.10). Encouragingly, neither 3.3 nor 3.4 was formed, indicating that 
the light is in some manner activating the reactions when run in the presence of it. Ultimately, as 
no further variables were able to influence the formation of 3.3 over 3.4, further research into 
this area was ended. 
SCHEME 3.10. 
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3.5. DISCUSSION 
3.5.1. Iron-Catalyzed Allylation 
Despite the wide array of conditions examined, no turnover of an iron catalyst was observed. 
The highest yields of 3.3 corresponded to only the stoichiometric reaction of the iron catalyst 
with allyl acetate. More to this point, of the 210 reactions that were run, 24 of the 27 reactions 
that gave any product at all used Fe3(CO)12 as the catalyst, and iron zero source. Of the 
remaining three reactions, only a minor amount of 3.3 was formed (<1% by GC). Iron zero 
sources are known to be able to oxidatively add into organic molecules including allyl halides at 
room temperature in the formation iron π-allyl compounds.17 As such, the oxidative addition step 
should be facile for Fe3(CO)12 but be unable for the other iron sources to immediately form the 
iron π-allyl species without first being reduced to iron zero. Furthermore, the allylation of 
aldehydes is also reported to occur at room temperature, although in each of these cases, an 
additive was used to help activate this aldehyde insertion.6 Elevated temperatures are likely 
required for this step in the reaction as most of the reactions hits were clustered in the higher 
temperature regimes (>100 °C), but once the iron π-allyl is formed, it should be able to form the 
homoallylic alkoxide. Furthermore, this step would be conserved across all of the iron sources if 
they are able to make the iron π-allyl; there is a clear distinction in the activity of the iron 
sources. Hydrolysis of the Fe-O bound product should not be a difficult step, especially when the 
quantity of water in the reaction approaches 10 equivalents w.r.t. aldehyde or 100 equivalents 
w.r.t. iron loading. The formed Fe-OH species must then be reduced via the WGSR to reform the 
iron zero species. It is in this step that the problem with catalytic turnover is believed to reside. 
While iron carbonyls are less active in the WGSR than ruthenium,8 iron has still shown to be 
quite capable of acting as the metal source for many WGSR-based reactions including functional 
group reductions and hydroformylations, even at room temperatue.10 Therefore, there is much 
evidence to be had that the iron catalysts employed in this allylation attempt should also be 
capable of catalyzing the WGSR, however, this is not shown to be the case. While the 
mechanism proposed for the allylation reaction differs from the normal iron-catalyzed reduction 
reaction (specifically in the migratory insertion of CO into a M-OH bond versus an hydroxide 
attack on a M-bound CO molecule), the initial reduction of the iron catalysts with a higher 
oxidation state should be operative under the normal WGSR conditions. The chemical literature, 
however, offers no examples of the reduction of homogenous iron catalysts other than iron 
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carbonyl.8 As no reactivity in the higher oxidation state iron catalysts or turnover in the case of 
iron zero, it can be rationalized that the current reaction conditions were not able to induce the 
reduction of iron via the WGSR. Furthermore, the appearance of colloidal iron on the sides of the 
test tubes after the reaction was ended indicate that the formed iron species are not stable under 
the reaction conditions. Future attempts to promote the iron-catalyzed reaction should focus on 
ways to further stabilize the iron carbonyls in solution and find conditions that allow the metal to 
be reduced by the WGSR. Caution must be had in this endeavor as the stabilized iron catalyst 
Cat 3.1 only served to promote the reduction of 3.1 under varied reaction conditions. 
 
3.5.2. Photochemically Activated Allylation 
The use of two metal photocatalyst systems resulted primarily in the reduction of the 
aldehyde to the corresponding benzyl alcohol. This reduction was almost the exclusive reaction 
in the use of iridium and was often the predominant product in the use of ruthenium thus 
demonstrating that there are two possible catalyst cycles occurring for each metal, reduction and 
allylation. The point where these two cycles diverge is likely the oxidative addition into allyl 
acetate to form a π-allyl species. If the rate of oxidative addition is slow, the catalyst will likely 
proceed through the generation of hydrogen and subsequent reduction of aldehyde. From a 
kinetic standpoint, the quantity of water present in the reaction is much higher than the allyl 
acetate loading, increasing the likelihood for formation of hydrogen. Furthermore, as the π-allyl 
species is prone to protonation, this would be another reaction whose rate is increased by the 
addition of more water, leading to unproductive consumption of allyl acetate. However, when the 
amount of water in the reaction was decreased, neither pathway was operative in the use of 
iridium or ruthenium (Table 3.3 & Table 3.8).  
The reaction of ruthenium carbonyl into allyl electrophiles has been shown to require 
heating, highlighting that the room temperature reactions of the ruthenium photocatalysts might 
be hampered by this requirement18 thus leading to low rates for the formation of a ruthenium π-
allyl species, especially in comparison to the expected rate of carbonyl reduction by the 
ruthenium hydrido species xi. As the generation of hydrogen is light-dependent, this corresponds 
with an increase in aldehyde reduction when a stronger LED was employed, with no increase in 
the allylation reaction (Table 3.8). Despite this unfavorable rate relationship, the action of light 
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energy on either reaction is evident by the lack of all reactivity when the ruthenium-catalyzed 
reaction occurred in the dark (Scheme 3.10).  
Significant attempts were made to avoid the contribution of thermal energy from the light 
source as a means to activate the reaction and while the confidence of success in this attempt is 
high, the possibility that thermal input was the rationale behind any allylation product formed 
cannot be completely ruled out. Encouragingly, the use of the ruthenium catalyst was shown to 
generate if not hydrogen, then a metal-hydride species, through a photo-catalytic pathway AND 
at a lower temperature and CO pressure than the previous reports for the reaction.15,16 
3.6. CONCLUSION 
The effort to design an alternative allylation reaction mediated via the WGSR to replace 
ruthenium or thermal activation was not met with success. No catalytic turnover was observed in 
the use of iron catalysts despite an extensive screening of reaction conditions. The only product 
that was formed was the result of a stoichiometric reaction of an iron zero source and allyl 
acetate. In the case of the room temperature iridium-photocatalyst reactions, only reduction of 
benzaldehyde to benzyl alcohol was observed, although in high yield. Efforts to induce 
homoallylic alcohol formation were unsuccessful. The use of a ruthenium-photocatalyst was able 
to product both homoallylic alcohol and benzyl alcohol, although the formation of benzyl alcohol 
was predominant. Despite changes in the reaction condition, only improvement in the reduction 
pathway was exhibited to form benzyl alcohol.  
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Chapter 4:  
Experimental section 
 
4.1. GENERAL EXPERIMENTAL 
General reactions: All reactions were performed in oven (120 °C) and/or flame dried under 
an atmosphere of dry nitrogen or argon, unless noted. Reaction solvents tetrahydrofuran (Fisher, 
HPLC grade) and diethyl ether (Fisher, BHT stabilized ACS grade) were dried by percolation 
through two columns packed with neutral alumina under a positive pressure of argon. Reaction 
solvents hexanes (Fisher, OPTIMA grade) and toluene (Fisher, ACS grade) were dried by 
percolation through a column packed with neutral alumina and a column packed with Q5 
reactant, a supported copper catalyst for scavenging oxygen, under a positive pressure of argon. 
Reaction solvents dioxane, dimethoxyethane and benzene (Fisher, ACS grade) were distilled 
over sodium prior to use. Reaction solvents acetonitrile and benzotrifluoride (Aldrich, ACS 
grade) were distilled from CaH2. Solvents for filtration and chromatography were certified ACS 
grade. “Brine” refers to a saturated solution of sodium chloride. All reaction temperatures 
correspond to internal temperatures measured with Teflon coated thermocouples unless 
otherwise noted.  
Reaction Setup: All carbonylation reactions were performed in either 1) a six-well autoclave 
(Figure 4.1.), which allows for independent control of gas pressure in each well via the 
individual valves, equipped with a temperature probe connected to a magnetic stirrer (IKA 
Labortechnik) bearing a heat control element OR 2) a Fischer-Porter Tube submerged in a oil 
bath with the use of a magnetic stirrer (IKA Labortechnik) for heating and a connected 
temperature probe to maintin temperature. 
NMR Spectroscopy: 1H and 13C NMR spectra were recorded on Varian Unity 500, Varian 
VXR 500, Varian Unity Inova 500 NB, or Bruker Avance III HD 500 spectrometers (500 MHz, 
1H; 126 MHz, 13C). Spectra are referenced to residual chloroform ( 7.26 ppm, 1H;  77.0 ppm, 
13C), and CFCl3 (10% in CDCl3) as an external reference for 
19F NMR ( 0.00 ppm 19F). 
Chemical shifts are reported in ppm, multiplicities are indicated by s (singlet), d (doublet), t 
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(triplet), q (quartet), p (pentet), h (hextet), sept (septet), m (multiplet) and br (broad). Coupling 
constants, J, are reported in Hertz. Assignments are corroborated by 2D experiments (COSY, 
HMQC, HMBC). 
Infrared Spectroscopy: Infrared spectra (IR) were recorded in NaCl cells OR on a Perkin 
Elmer Spectrum Two ATR spectrometer using neat sample. Peaks are reported in cm-1 with 
indicated relative intensities: s (strong, 67-100%); m (medium, 34-66%); w (weak, 0-33%). 
Mass Spectrometry: Mass Spectrometry was performed by the University of Illinois Mass 
Spectrometer Center. Electron Impact (EI) spectra were recorded on a Waters 70-VSE 
spectrometer. Electrospray Ionization (ESI) spectra were recorded on Waters Q-TOF Ultima or 
Waters Synapt G2-Si spectrometers Chemical Ionization (CI) spectra were performed with 
methane reagent gas, with either a double focusing sector field or time-of-flight (TOF) mass 
analyzer. Data are reported in the form of (m/z) (intensity relative to the base peak = 100 where 
applicable).  
Melting Points: Melting points (mp) were determined in vacuum-sealed capillary tubes using 
a Thomas Hoover melting point apparatus and are corrected. 
Elemental Analysis: Elemental analyses were performed by the University of Illinois 
Microanalytical Service Laboratory, or by Robertson Microlit Laboratories and is the average of 
two runs. 
Distillation: Bulb-to-bulb distillation was performed on a Büchi GKR-50 Kugelrohr, with 
boiling points (bp) corresponding to uncorrected air-bath temperatures (ABT). A vacuum of 
10−5 mmHg was achieved using a diffusion pump. 
Liquid Chromatography: Analytical thin-layer chromatography was performed on silica gel 
60 F254 plates. Visualization was accomplished with UV light and/or potassium permanganate 
(KMnO4) solution, Cerium-ammonium-molybdate (CAM), or 4-anisaldehyde (PA) solution. 
Retention factor (Rf) values reported were measured using a 10 × 2 cm TLC plate in a 
developing chamber containing the solvent system described. Flash column chromatography was 
performed using 40-63 μm particle size (230-400 mesh, 60 Å pore size) SiO2. Preparative, radial, 
centrifugally accelerated, thin-layer chromatography was performed using glass-backed, circular 
TLC plates prepared with silica gel (high-purity grade, pore size 60 Å, 2-25 μm particle size, 
without binder, with fluorescent indicator, pore volume 0.75 cm3/g) and calcium sulfate 
hemihydrate (≥99%). 
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Gas Chromatography: Analytical gas chromatography (GC) was performed using a Hewlett 
Packard 5890 Series II Gas Chromatograph fitted with a flame ionization detector (H2 carrier 
gas, 1 mL/min) Injections were made on a Hewlett-Packard HP-1 (30 meter) capillary column. 
The injector temperature was 250 °C, the detector temperature was 300 °C, with a split ratio of 
100:1. Retention times (tR) and integrated ratios were obtained using Agilent Chemstation 
Software. 
Chiral HPLC: Analytical chiral stationary normal phase high-pressure liquid 
chromatopgraphy was performfed on a Agilent 1100 HPLC equipped with IB-3 column. 
Commercial Compounds: Methallyl alcohol (Alfa), hydrocinnamaldehyde (Alfa), trans-
cinnamaldehyde (Aldrich), pyridine (Fisher), triethylamine (Fisher), allyl methyl carbonate 
(Aldrich), benzaldehyde (Aldrich), furfural (Alfa), 4-methoxybenzaldehyde (Aldrich), 4-
(trifluoromethyl)benzaldehyde (Oakwood), isobutyraldehyde (Aldrich), isovaleraldehyde 
(Aldrich) were distilled prior to use. 4-Nitrobenzaldehyde was sublimed prior to use. NaH 
(Aldrich, 30% in mineral oil) were washed repeatedly with hexanes and dried under vacuum 
prior to use. Commercial solutions of organometallic reagents were titrated prior to use 
according to the procedure described by Hoye et al.1 Ruthenium (III) chloride hydrate and 
triruthenium dodecacarbonyl were purchased from Strem Chemical and stored and handled in a 
drybox and used as received. All other reagents were purchased from Aldrich, Fisher, Oakwood, 
or Strem and used as received. 
 
GC Analysis and Response Factors 
Retention times (tR) and integrated ratios were obtained from reporting integrators. Response 
factors for quantitative GC analysis were obtained using the following equation: 
  
Under the conditions employed, the retention time for tetradecane was 7.174 min and 
biphenyl was 8.419 min. Three to five samples with internal standard were prepared and 
dissolved in EtOAc. A small portion of each sample was diluted further to ~1.5 mL. And aliquot 
of each sample was injected into the GC in triplicate. The average of the 9-15 response factors 
was used to calculate the amount of compounds. 
GC Method: Injections were made onto a Hewlett-Packard HP-1 (30 meter) capillary 
column. Injector temperature was 250 °C; the detector temperature was 300 °C with a H2 carrier 
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gas flow of 16.7 mL/min. The column oven temperature program is as follows: 75 °C for 0 
minutes, 75 °C to 250 °C ramp at 30 °C/minute, 250 °C for 6.2 minutes. Total run time is 12 
minutes. 
GC Method Parameters 
Compound Response Factor tR, min 
benzaldehyde (x.1.1a) 1.872 3.099 
trans-cinnamaldehyde (x.1b) 1.790 6.264 
hydrocinnamaldehyde (x.1c) 1.850 5.489 
2-methallyl acetate (1.4a) 2.513 2.452 
2-methylallyl 2,2,2-trichloroacetate (1.4j) 3.024 5.436 
2-methylallyl 2-chloroacetate (1.4i) 2.656 4.098 
2-methylallyl 2-chlorobenzoate (1.4h) 1.333 5.436 
ethyl (2-methylallyl) carbonate (1.4g) 2.976 3.630 
2-methylallyl benzoate (1.4f) 1.439 6.781 
1,3,5-trichloro-2-((2-methylallyl)oxy)benzene (1.4e) 1.465 7.531 
1,3-dichloro-5-((2-methylallyl)oxy)benzene (1.4d) 1.483 8.043 
1-((2-methylallyl)oxy)-4-(trifluoromethyl)benzene 
(1.4c) 
1.458 5.795 
((2-methylallyl)oxy)benzene (1.4b) 1.437 5.593 
tert-butyl 2-(acetoxymethyl)acrylate (1.9) 1.824 2.927 
2-methylene-3-oxobutyl acetate (1.11) 2.601 4.549 
2-phenylallyl acetate (1.13) 1.359 6.713 
3-methyl-1-phenylbut-3-en-1-ol (1.5a) 1.306 6.598 
5-hydroxy-3-methylene-5-phenylpentan-2-one (1.2a) 1.534 7.927 
Tetradecane -- 7.174 
Biphenyl -- 8.419 
 
  
102 
 
4.2. LITERATURE PREPARATIONS 
The following compounds were prepared according to literature procedures and had 
spectroscopic data consistent with literature: 3-(hydroxymethyl)but-3-en-2-one,2 2-
(diethoxymethyl)prop-2-en-1-ol,3 2-methallyl acetate 1.4a,4 ethyl 2-(acetoxymethyl)acrylate 
1.6,5 tert-butyl 2-(acetoxymethyl)acrylate 1.9,6 2-phenylallyl acetate 1.11,7 ((2-
methylallyl)oxy)benzene 1.4b,8 2-methylallyl 2-chloroacetate 1.4h,9 2-methylallyl 2,2,2-
trichloroacetate 1.4j,10  Z-cinnamyl acetate 1.17,11  [(S,S)-dm-Phebox-tBu]RuCl(CO)] Cat 2.1,12 
(iPr-PyboxRuCl2(CO) Cat 2.2,
13 Methylbenzyl-NH2-Cyclo-Ru Cat 2.3,
14 [RuCl(iPr-box) (p-
cymene)] [PF6] Cat 2.4,
15  [RuCl(Ph-bisox-methylene bridge) (p-cymene)] [Cl] Cat 2.5a,16 
[RuCl(Ph-benbox) (benzene)] [PF6] Cat 2.6,
15  [RuCl(Ph-box-pyridine) (p-cymene)] [Cl] Cat 
2.7,16 [RuCl2(Bn-bisox-methylene bridge)(cod)] Cat 2.5p,
17 (S)-aza-H-semicorrin (diMe-OTMS) 
L2.5,18 [(S)-aza-H-5-Ph-bisox] L2.6,19 [(S)-aza-Me-5-Ph-bisox] L2.7,19 and cyclopentadienyl 
TMS iron  tricarbonyl Cat 3.1.20 All bisoxaozline ligands (L2.4a-L2.4i) were synthesized 
according to literature preparations and had spectroscopic data consistent with literature.21 The 
mesityl-substituted glycinol was synthesized according to literaue and had spectroscopic data 
consistent with literature.22 
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FIGURE 4.1(A). The six-well autoclave: open 
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FIGURE 4.2(B). The six-well autoclave: closed 
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4.3. EXPERIMENTS FOR CHAPTER 1 
General Allylation Procedure I (for preparative scale allylation reactions using the six-
well autoclave). In the glove box to a 10-mL, flat-bottomed, glass tube (1.5 x 6.5 cm) containing 
a Teflon-coated, magnetic stir bar was added Ru catalyst system (RuCl3 or Ru3(CO)12/TBACl). 
The tube was covered with a rubber septa before removing from the glove box. Outside the glove 
box, the tube was charged sequentially with solvent, H2O, Et3N (10 mol %), allyl donor, and 
aldehyde via syringe. The tube was placed in a six-well autoclave that allows six separate 
reactions to be conducted at the same time and the rubber septa removed. The autoclave was 
sealed and connected to a carbon monoxide gas cylinder. The autoclave was charged with CO 
gas (100 psi) and pressure was released to a vented hood four times before the CO gas was 
maintained at the specified pressure and the valves for each cell were closed. The autoclave was 
mounted onto a magnetic stirrer with a temperature probe inserted into the metal block of the 
autoclave. The temperature was set at the desired temperature and stirring was started. The 
temperature reached the set temperature within 30 min and was maintained for the time specified 
(24 or 48 h). The autoclave was removed from the stirrer and chilled in an ice/water bath. The 
temperature reached ~20 °C within 40 min. The outlet was connected to a vented hood and the 
pressure in the autoclave was gently released. The inlet was then connected to a nitrogen line and 
the system was purged by N2 (which was passed through a drying tube filled with Drierite) for 
15 min before the autoclave was opened. The reaction mixture was transferred to a 20-mL, glass 
scintillation vial with the aid of 3 mL of diethyl ether. The solvent was removed under reduced 
pressure by rotary evaporation (25 °C, 20 mmHg). 
General Allylation Procedure II (for preparative scale allylation reactions using the 
Fisher-Porter tube). In the glove box to a the Fisher-Porter tube (150 mL) containing a Teflon-
coated, magnetic stir bar was added Ru catalyst system (RuCl3 or RuCl3/TBACl). The tube was 
covered with a rubber septa before removing from the glove box. Outside the glove box, the tube 
was charged sequentially with solvent, H2O, Et3N (10 mol %), allyl donor, and aldehyde via 
syringe. The septa was removed from the tube and the screw-top lid with valve was sealed on. 
The tube was charged with CO gas (100 psi) and pressure was released to a vented hood three 
times before the CO gas was maintained at the specified pressure and the valves were closed. 
The tube was placed into a pre-heated, stirred oil bath set to the desired temperature (75 °C or 85 
°C). The temperature inside the tube reached the desired tempateute within 10 min, upon which 
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time the reaction was started for and the heating and stirring maintaind for the time specified (24 
or 48 h). The tube was removed from the oil bath and let cool in air for 10 min before purging 
gently into the back of a vented hood. The inlet was then connected to a nitrogen line and the 
system was purged by N2 (which was passed through a drying tube filled with Drierite) for 1 min 
before the autoclave was opened. The reaction mixture was transferred to a 20-mL, glass 
scintillation vial with the aid of 3 mL of methylene chloride. The solvent was removed under 
reduced pressure by rotary evaporation (30 °C, 20 mmHg). 
 
General Allylation Procedure III (for test scale allylation reactions via GC OR 1H NMR 
analysis), Tables 1.3, 1.4, 1.5, 1.6, 1.9, 1.10, 1.12, 1.13, 1.14, 1.16, 1.17, 1.19, 1.21, 1.22, 1.23, 
1.24, 1.26 1.27, 1.28, and 1.29. To a 10-mL, flat-bottomed, glass tube (1.5 x 6.5 cm) containing a 
Teflon-coated, magnetic stir bar were added aldehyde, Ru catalyst system (RuCl3 or 
Ru3(CO)12/TBACl), allyl donor, H2O, Et3N, internal standard (tetradecane (GC), biphenyl (GC), 
or hexamethyl benzene (1H NMR)), and solvent. The tube was placed in a six-well autoclave that 
allows six separate reactions to be conducted at the same time and the rubber septa removed. The 
autoclave was sealed and connected to a CO gas cylinder. The autoclave was charged with CO 
gas (100 psi) and pressure was released to a vented hood four times before the CO gas was 
maintained at the desired psi and all the valves were closed. The autoclave was mounted onto a 
magnetic stirrer that was connected to a temperature probe. The probe was inserted into the metal 
block of the autoclave. The temperature was set at the desired temperature and stirring was 
started. The temperature reached the set temperature within 30 min and was maintained for the 
appropriate time. The autoclave was removed from the stirrer and chilled in an ice bath. The 
temperature reached ~20 °C within 40 min. The outlet was connected to a vented hood and the 
pressure in the autoclave was gently released. The inlet was then connected to a nitrogen line. 
The system was purged by N2 (which was passed through a drying tube filled with Drierite) for 
15 min before the autoclave was opened. FOR GC ANALYSIS: An aliquot (50 μL) of the 
reaction mixture was filtered through a 0.5 x 1.0 cm plug of SiO2 into a GC vial using EtOAc 
(1.4 mL) as the eluent. The sample was then run on the GC. FOR 1H NMR ANALYSIS: An 
aliquot (50 μL) of the reaction mixture was placed directly into a clean 1H NMR tube and diluted 
with CDCl3. The 
1H NMR was obtained with 4 scans and a d1 of 30 seconds to allow for full 
relaxation of the molecule. 
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Diagnostic peaks for anti-1.18a: (CDCl3) 5.16 (2H, dd), 4.79 (1H, d) 
 
Diagnostic peaks for syn-1.18a: (CDCl3) 5.92 (1H, ddd) 
 
Diagnostic peaks for 1.19a: (CDCl3) 6.44 (1H, d) 
 
Diagnostic peaks for anti-1.18b: (CDCl3) 4.45 (1H, dd) 
 
Diagnostic peaks for 1.19b: (CDCl3) 6.62 (1H, dd) 
 
Diagnostic peaks for anti-1.18c: (CDCl3) 5.13 (2H, dd), 4.4 (1H, dd) 
 
Diagnostic peaks for syn-1.18c: (CDCl3) 5.85 (1H, ddd) 
 
Diagnostic peaks for 1.19c: (CDCl3) 6.61 (1H, dd) 
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Preparation of 2-Substituted Allylic Pro-nucleophiles 
2-methylene-3-oxobutyl acetate (1.11) [ZM-06-60]  
 
In a 250-mL, round-bottom 3-neck flask (equipped with an Ar inlet, septum, and glass stopper) 
in an ice/water bath at 0 °C acetyl chloride (1.86 mL, 26 mmol, 1.3 equiv) was added drop-wise 
via syringe to a solution of CH2Cl2 (100 mL) containing 3-(hydroxymethyl)but-3-en-2-one (4.0 
g, 1.89 mL, 20 mmol) and pyridine (2.1 mL, 26 mmol, 1.3 equiv) over the course of 10 minutes. 
The reaction mixture was warmed to room temperature and stirred for 1 hour. Reaction quenched 
with aqueous HCl (1 M, 26 mL), layers separated, and aqueous layer extracted with CH2Cl2 (1 x 
30 mL). The combined organic layers were washed with NaHCO3 (1 x 20 mL), dried (MgSO4), 
filtered, and the solvent removed under reduced pressure. The residue was purified via silica gel 
chromatography via Isco CombiFlash MPLC (120 g SiO2 100% Hex 013 CV, 1330 increase 
to 10% EtOAc:Hex) and then further purified via Kugelrohr distillation to afford 1.11 (2.3 g, 
81%) as a clear, colorless oil. 
Data for 1.11: 
 bp: 125 °C (ABT, 2.1 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
6.13 (d, J = 1.1 Hz, 1H, C(5a)H), 5.95 (t, J = 1.6 Hz, 1H, C(5b)H), 4.72 (t, J = 
1.4 Hz, 2H C(3)H), 2.29 (s, 3H, C(7)H), 2.02 (s, 3H, C(1)H). 
 13C NMR: (125 MHz, CDCl3) 
  198.0 C(6), 170.0 C(2), 143.2 C(4), 126.7 C(5), 61.9 (C3), 25.8 C(7), 20.8 C(1) 
 IR (neat): 3335 (w), 3109 (w), 3004 (m), 2951 (m), 2358 (w), 2334 (w), 1752 (s), 1742 (s), 
1736 (s), 1686 (s), 1676 (s), 1637 (m), 1438 (m), 1403 (m), 1369 (s), 1322 (m), 
1300 (s), 1229 (s), 1144 (m), 1129 (m), 1049 (s), 1035 (m), 977 (m), 950 (m), 
903 (w), 842 (w), 642 (w), 605 (w), 578 (w) 
 MS (EI+, 70 eV) 142.1 (M+, 5), 100.1 (35), 99.1 (100), 85.1 (30);  
 TLC:  Rf 0.190 (EtOAc/hexane, 1:4) [KMnO4];  
 CHN: Anal. Calcd for C7H10O2 (142.15):  C, 59.14; H, 7.09%.  
  Found:     C, 58.81; H, 7.15%. 
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2-(diethoxymethyl)allyl acetate (1.16) [ZM-07-39]  
 
In a 100-mL, round-bottom 3-neck flask (equipped with an Ar inlet, septum, Teflon-coated stir 
bar, and glass stopper) in an ice/water bath at 0 °C acetyl chloride (0.562 mL, 7.56 mmol, 1.05 
equiv) was added drop-wise via syringe to a solution of CH2Cl2 (38 mL) containing 2-
(diethoxymethyl)prop-2-en-1-ol (1.2 g, 7.49 mmol) and pyridine (0.788 mL, 9.74 mmol, 1.3 
equiv) over the course of 10 minutes. The reaction mixture was warmed to room temperature and 
stirred for 1 hour. Reaction washed with CuSO4 (sat, 3 x 20 mL) layers separated, and aqueous 
layer extracted with CH2Cl2 (1 x 30 mL). The combined organic layers were dried (MgSO4), 
filtered, and the solvent removed under reduced pressure. The residue was purified via silica gel 
chromatography (130 g SiO2, 4.5 x 22 cm, 700 mL hexane (100 %)  1,500 mL Hex:Et2O 1:7) 
and then further purified via Kugelrohr distillation to afford 1.16 (1.17 g, 77%) as a clear, 
colorless oil. 
Data for 1.16: 
 bp: 125 °C (ABT, 15 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
5.40 (p, J = 1.1 Hz, 1H, C(5a)H), 5.28 (dq, J = 2.0, 1.3 Hz, 1H, C(5b)H), 4.89 (s, 
1H, C(6)H), 4.63 (t, J = 1.2 Hz, 2H, C(3)H2), 3.61 (dq, J = 9.4, 7.1 Hz, 2H, 
C(7a)H2), 3.48 (dq, J = 9.4, 7.0 Hz, 2H, C(7b)H2), 2.09 (s, 3H, C(1)H3), 1.22 (t, J 
= 7.0 Hz, 6H, C(8)H3x2).  
 13C NMR: (125 MHz, CDCl3) 
 170.7 C(2), 141.1 C(4), 115.4 C(5), 101.2 C(6), 63.5 C(3), 61.7 C(7), 21.0 C(1), 
15.2 C(8) 
 IR (neat): 2977 (w), 2937 (w), 2879 (w), 1744 (m), 1444 (w), 1391 (w), 1371 (w), 1328 
(w), 1269 (w), 1226 (m), 1118 (m), 1051 (m), 1028 (m), 1007 (m), 920 (w), 840 
(w), 606 (w) 
 MS: (ESI) 225.2 (MNa+, 100), 158.2 (10), 157.2 (98), 143.1 (81), 129.2 (20) 
 TLC: Rf 0.42 (hexanes:EtOAc, 4:1) [KMnO4]  
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 CHN: Anal. Calcd for C10H18O4 (202.25): C, 59.39; H, 8.97%. 
  Found:     C, 59.42; H, 9.24%. 
 
1-((2-methylallyl)oxy)-4-(trifluoromethyl)benzene (1.4c) [ZM-06-18] 
 
In a 50-mL. round-bottom 3-neck flask (equipped with a reflux condenser w/ Ar inlet, septum, 
Teflon-coated stir bar, and glass stopper) 2-methallyl chloride (0.979 mL, 10 mmol, 2 equiv) was 
added drop-wise via syringe to a solution of acetone (15 mL), K2CO3 (864 mg, 6.25 mmol, 1.25 
equiv), KI (83 mg, 0.5 mmol, 0.1 equiv), and 4-trifluoromethylphenol (811 mg, 5 mmol) over the 
course of 10 minutes. The septa was replaced with a glass stopper and flask placed into an oil 
bath (65 °C). Water was run through the reflux condenser and the reaction stirred for 15 hours. 
Reaction washed through a celite pad (1.0 cm x 3 cm) using acetone (20 mL). The solvent was 
removed under reduced pressure. Residue taken back up into EtOAc (25 mL), washed with DI 
water (25 mL) and brine (15 mL), dried (MgSO4), filtered, and solvent removed under reduced 
pressure. The residue was purified via silica gel chromatography via Isco CombiFlash MPLC (40 
g SiO2, 5 CV 100% Hexane) to afford 1.4c (918 mg, 85%) as a clear, colorless oil. 
Data for 1.4c: 
 1H NMR: (500 MHz, CDCl3) 
7.59 – 7.52 (m, 2H, C(7)H), 7.03 – 6.96 (m, 2H, C(6)H), 5.11 (q, J = 1.3 Hz, 1H, 
C(1.1a)H), 5.04 (p, J = 1.4 Hz, 1H, C(1b)H), 4.50 (s, 2H, C(3)H2), 1.86 (t, J = 1.1 
Hz, 3H, C(4)H3). 
 13C NMR: NMR (125 MHz, CDCl3) 
δ 161.3 C(5), 140.3 C(2), 127.0 (q, J = 3.8 Hz, C(7)), 124.6 (q, J = 271.1 Hz, 
C(9)), 123.06 (q, J = 32.7 Hz, C(8)), 114.86 C(6), 113.4 C(1), 72.0 C(3), 19.5 
C(4); 
 MS: (EI+, 70 eV) 216.1 (M+, 100), 202.1 (10), 201.1 (90), 197.1 (14), 162.0 (30), 
145.0 (23), 143.0 (13), 133.0 (10), 113.0 (10), 55.1 (84); 
 HRMS: (EI+, TOF) calcd for C11H11OF3, 216.0762; found, 216.0759  
 TLC: Rf 0.621 (hexanes:EtOAc, 5:1) [KMnO4] 
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1,3-dichloro-5-((2-methylallyl)oxy)benzene (1.4d) [ZM-06-30] 
 
In a 50-mL. round-bottom 3-neck flask (equipped with a reflux condenser w/ Ar inlet, septum, 
Teflon-coated stir bar, and glass stopper) 2-methallyl chloride (0.979 mL, 10 mmol, 2 equiv) was 
added drop-wise via syringe to a solution of acetone (15 mL), K2CO3 (864 mg, 6.25 mmol, 1.25 
equiv), KI (83 mg, 0.5 mmol, 0.1 equiv), and 1,3-dichloro-5-phenol (815 mg, 5 mmol) over the 
course of 10 minutes. The septa was replaced with a glass stopper and flask placed into an oil 
bath (65 °C). Water was run through the reflux condenser and the reaction stirred for 15 hours. 
Reaction washed through a celite pad (1.0 cm x 3 cm) using acetone (20 mL). The solvent was 
removed under reduced pressure. Residue taken back up into EtOAc (25 mL), washed with DI 
water (25 mL) and brine (15 mL), dried (MgSO4), filtered, and solvent removed under reduced 
pressure. The residue was purified via silica gel chromatography via Isco CombiFlash MPLC (40 
g SiO2, 5 CV 100% Hexane) to afford 1.4d (1.07 g, 98%) as a clear, colorless oil.  
Data for 1.4d: 
 1H NMR: (500 MHz, CDCl3) 
6.95 (t, J = 1.8 Hz, 1H, C(8)H), 6.81 (d, J = 1.8 Hz, 2H, C(6)H), 5.07 (tt, J = 1.6, 
0.9 Hz, 1H, C(1.1a)H), 5.01 (dh, J = 2.3, 1.3 Hz, 1H, C(1b)H), 4.40 (s, 2H, 
C(3)H2), 1.81 (dd, J = 1.6, 0.8 Hz, 3H, C(4)H3). 
 13C NMR: (125 MHz, CDCl3) 
  δ 159.9 C(5), 140.0 C(2), 135.4 C(7) x2, 121.3 C(8), 114.0 C(6) x2, 113.5 C(1), 
72.3 C(3), 19.4 C(4) 
 MS: (EI+, 70 eV) 216.0 (80), 203.0 (64), 201.0 (100), 181.0 (32), 164.0 (18), 162.0 
(30), 133.0 (12), 109.0 (10), 63.0 (15) 
 HRMS:  (EI+, TOF) calcd for C10H10OCl2, 216.0109; found, 216.0107 
 TLC: Rf 0.632 (EtOAc/hexane, 1:4) [KMnO4] 
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1,3,5-trichloro-2-((2-methylallyl)oxy)benzene (1.4e) [ZM-06-24] 
 
In a 50-mL. round-bottom 3-neck flask (equipped with a reflux condenser w/ Ar inlet, septum, 
Teflon-coated stir bar, and glass stopper) 2-methallyl chloride (0.979 mL, 10 mmol, 2 equiv) was 
added drop-wise via syringe to a solution of acetone (15 mL), K2CO3 (864 mg, 6.25 mmol, 1.25 
equiv), KI (83 mg, 0.5 mmol, 0.1 equiv), and 1,3,5-trichloro-2-phenol (987 mg, 5 mmol) over the 
course of 10 minutes. The septa was replaced with a glass stopper and flask placed into an oil 
bath (65 °C). Water was run through the reflux condenser and the reaction stirred for 15 hours. 
Reaction washed through a celite pad (1.0 cm x 3 cm) using acetone (20 mL). The solvent was 
removed under reduced pressure. Residue taken back up into EtOAc (25 mL), washed with DI 
water (25 mL) and brine (15 mL), dried (MgSO4), filtered, and solvent removed under reduced 
pressure. The residue was purified via silica gel chromatography via Isco CombiFlash MPLC (40 
g SiO2, 5 CV 100% Hexane) to afford 1.4e (1.10 g, 87%) as a white solid. 
Data for 1.4e: 
 1H NMR: (500 MHz, CDCl3) 
7.31 (d, J = 0.6 Hz, 2H, C(7)H),  5.15 (d, J=1.7 Hz, 1H, C(1.1a)H), 5.03 (d, J = 
1.7 Hz, 1H, C(1b)H), 4.40 (s, 2H, C(3)H2), 1.94 (d, J = 1.2 Hz, 3H, C(4)H3) 
 13C NMR: (125 MHz, CDCl3) 
  δ 150.5 (C5), 140.7 (C2), 130.3 C(6) x2, 129.6 C(8), 128.9 C(7) x2, 114.4 (C1), 
77.2 C(3), 19.8 C(4) 
 MS: (EI+, 70 eV) 250.0 (M+, 78), 219.0 (15), 217.0 (61), 216.0 (15), 215.0 (100), 
201.0 (15), 199.9 (29), 198.9 (12), 197.9 (95), 196.9 (29), 195.9 (99), 194.9 (35), 
192.9 (13), 181.9 (12), 179.9 (12), 170.9 (17), 168.9 (55), 166.9 (57), 161.9 (10), 
159.9 (15), 149.0 (10), 145.0 (12), 143.0 (12), 134.0 (17), 132.0 (27), 109.0 (11), 
108.9 (18), 106.9 (29), 99.0 (21), 97.0 (65), 96.0 (10), 82.9 (10), 62.0 (16) 
 HRMS:  (EI+, TOF) calcd for C10H9OCl3, 249.9719; found, 249.9718 
 TLC: Rf 0.718 (EtOAc/hexane, 1:4) [KMnO4]. 
 
 
 
113 
 
2-methylallyl 2-chlorobenzoate (1.4h) [ZM-05-70]  
 
In a 100-mL, round-bottom 3-neck flask (equipped with an Ar inlet, septum, Teflon-coated stir 
bar, and glass stopper) in an ice/water bath at 0 °C 2-chlorobenzoyl chloride (1.27 mL, 10 mmol, 
1.0 equiv) was added drop-wise via syringe to a solution of CH2Cl2 (50 mL) containing 2-
methallyl alcohol (0.721 g, 0.841 mL, 10 mmol) and pyridine (1.05 mL, 13 mmol, 1.3 equiv) 
over the course of 15 minutes. The reaction mixture was warmed to room temperature and stirred 
for 19 hour. Reaction washed with aqueous HCl (3 M, 4.33 mL), layers separated, and aqueous 
layer extracted with CH2Cl2 (1 x 30 mL). The combined organic layers were washed with 
NaHCO3 (7 x 10 mL), dried (MgSO4), filtered, and the solvent removed under reduced pressure. 
The residue was purified via Isco CombiFlash MPLC silica gel chromatography (24 g, 100% 
hexane for 5 CV, 0  10% CH2Cl2 over 8 CV, then 100% CH2Cl2 for 3 CV) to afford 1.4h 
(0.705 g, 33%) as a clear, colorless oil. 
Data for 1.4h: 
 1H NMR: (500 MHz, CDCl3) 
7.86 (dd, J = 7.8, 1.7 Hz, 1H, C(11)H), 7.46 (dd, 1H, J = 8.1, 1.4 Hz C(8)H), 7.42 
(td, 1H, J = 8.1, 7.5, 1.7 Hz, C(9)H), 7.32 (td, J = 7.8, 7.5, 1.4 Hz, 1H, C(10)H), 
5.10 (d, J = 1.3 Hz, 1H, C(1.1a)H), 5.00 (d, J = 1.3 Hz, 1H, C(1b)H), 4.76 (s, 2H, 
C(3)H2), 1.85 (s, 3H, C(4)H3) 
 13C NMR: (125 MHz, CDCl3) 
  δ 165.5 (C5), 139.7 (C2), 133.9 (C7), 132.7 (C9), 131.6 (C11), 131.2 (C8), 130.2 
(C6), 126.7 (C10), 113.8 (C1), 69.0 (C3), 19.8 (C4) 
 IR (neat): 3080 (w), 2975 (w), 2943 (w), 1731 (m), 1660 (w), 1593 (w), 1473 (w), 1436 
(w), 1378 (w), 1363 (w), 1296 (m), 1243 (m), 1163 (w), 1116 (m), 1048 (m), 984 
(w), 946 (w), 906 (w), 816 (w), 791 (w), 744 (s), 723 (w), 691 (w), 649 (w), 571 
(w) 
 MS: (EI+, TOF, 70 eV) 210.0 (M+, 3), 141.0 (32), 139.0 (100), 111.0 (15) 
  266.0 (M H+) 
 HRMS: (EI+, TOF) calcd for C11H11O2Cl, 210.0448; found, 210.0451 
 TLC: Rf 0.483 (EtOAc/hexane, 1:4) [KMnO4]. 
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Ethyl (2-Methylallyl) Carbonate (1.4g). [ZM-05-43] 
 
In a 100-mL, round-bottomed, 3-neck flask (equipped with an Ar inlet, septum, Teflon-coated 
stir bar, and glass stopper) in an ice/water bath at 0 °C ethyl chloroformate (1.30 mL, 14.5 mmol, 
1.45 equiv) was added drop-wise via syringe to a solution of CH2Cl2 (25 mL) containing 2-
methallyl alcohol (0.721 g, 0.841 mL, 10 mmol) and pyridine (1.17 mL, 14.5 mmol, 1.45 equiv) 
over the course of 15 minutes. The reaction mixture was warmed to room temperature and stirred 
for 3.5 hour. Reaction washed with aqueous HCl (1 M, 2 x 20 mL), layers separated, and 
aqueous layer extracted with CH2Cl2 (1 x 20 mL). The combined organic layers were washed 
with NaHCO3 (3 x 10 mL), dried (MgSO4), filtered, and the solvent removed under reduced 
pressure. The residue was purified via bulb to bulb distillation (85 °C ABT, ~4 mm Hg) to afford 
1.4g (1.138 g, 79%) as a clear, colorless oil. The spectroscopic data matched those from 
literature and was free of any major impurities.23 
 
2-Methylallyl Benzoate (1.4f). [ZM-05-41] 
 
In a 100-mL, round-bottomed, 3-neck flask (equipped with an Ar inlet, septum, Teflon-coated 
stir bar, and glass stopper) in an ice/water bath at 0 °C benzoyl chloride (1.74 mL, 15 mmol, 1.5 
equiv) was added drop-wise via syringe to a solution of CH2Cl2 (50 mL) containing 2-methallyl 
alcohol (0.721 g, 0.841 mL, 10 mmol) and pyridine (1.05 mL, 13 mmol, 1.3 equiv) over the 
course of 15 minutes. The reaction mixture was warmed to room temperature and stirred for 2 
hours. Reaction washed with aqueous HCl (3 M, 4.33 mL), layers separated, and aqueous layer 
extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with NaHCO3 (7 
x 10 mL), dried (MgSO4), filtered, and the solvent removed under reduced pressure. The residue 
was purified via bulb to bulb distillation (80 °C ABT, ~1.3 mm Hg) and then further purified via 
MPLC silica gel chromatography (25 g SiO2, hexane (100 %) for 5 CV, then increase to 
CH2Cl2/hexane (1:9) over 8 CV) to afford 1.4f (1.225 g, 70%) as a clear, colorless oil. The 
spectroscopic data matched those from literature and was free of any major impurities.24  
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Preparation of Homoallylic Alcohols 
Preparation of 3-Methyl-1-phenylbut-3-en-1-ol (1.5a) [ZM-07-74] 
 
Following the General Allylation Procedure, 1.1a (102 µL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 0.02 
mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.4a (374 µL, 3.0 mmol, 3.0 
equiv), H2O (63 µL, 3.5 mmol, 3.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (47 g SiO2, 3.5 x 12.5 cm column, hexane (100 %) then Et2O/hexane 
(1:9)) provided 1.5a (102 mg, 63%) as a colorless oil, which became a white solid in the freezer 
(-27 °C). The spectroscopic data matched those from literature and was free of any major 
impurities.25  
Data for 1.5a: 
 1H NMR: (500 MHz, CDCl3) 
7.40 - 7.34 (m, 4H, C(2’,3’)H), 7.30 – 7.26 (m, 1H, C(4’)H), 4.93 (s, 1H, 
C(4a)H), 4.87 (s, 1H, C(4b)H), 4.82 (t, 1H, J = 6.8 Hz, C(1)H), 2.44 (d, 2H, J = 
6.8 Hz, C(2)H), 2.14 (s, 1H, OH), 1.77 (s, 3H, C(5)H) 
 13C NMR: (125 MHz, CDCl3) 
  δ 144.2, 142.5, 128.5, 127.6, 125.9, 114.3, 71.5, 48.5, 22.5 
 MS: (EI+, TOF, 70 eV) 162.1 (M+, 2), 145.1 (3), 128.1 (4), 107.1 (100), 79.1 (53), 77 
(25) 
 TLC: Rf 0.310 (EtOAc/hexane, 1:4) [UV, KMnO4]. 
 
Preparation of (E)-5-Methyl-1-phenylhexa-1,5-dien-3-ol (1.5b) [ZM-Mar14-02] 
 
Following the General Allylation Procedure I, 1.1b (126 μL, 1.0 mmol), Ru3(CO)12 (6.4 mg, 0.01 
mmol, 0.01 equiv), TBACl (8.3 mg, 0.03 mmol, 0.03 equiv), 1.4a (158 µL, 1.2 mmol, 1.2 equiv), 
H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 mL) 
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were combined under 80 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (51 g SiO2, 3.5 x 13.5 cm column, hexane (100 %) then Et2O/hexane 
(1:9  1:4)) provided an inseparable mixture of 1.5b/1.5c in a 94:6 ratio (113 mg, 60%) as a 
colorless oil. The spectroscopic data for 1.5b matched those from literature when the peaks for 
1.5c were accounted for.25  
Data for 1.5b: 
 1H NMR: (500 MHz, CDCl3) 
7.40 – 7.38 (m, 2H, C(4’)H), 7.32 (dd, J = 8.4, 6.8 Hz, 2H, C(5’)H), 7.26 – 7.22 
(m, 1H, C(6’)H), 6.64 (dd, 1H, J = 15.9, 1.3 Hz, C(2’)H), 6.24 (dd, J = 15.9, 6.2 
Hz, C(1’)H), 4.93 (t, J = 1.7 Hz, 1H, C(4a)H), 4.87 (dd, J = 1.7, 1.0 Hz, 1H, 
C(4b)H), 4.50 – 4.41 (m, 1H, C(1)H), 2.40 – 2.30 (m, 2H, C(2)H), 1.91 (s, 1H, 
OH), 1.82 (s, 1H, C(5)H) 
 13C NMR: (125 MHz, CDCl3) 
  142.1, 142.1, 136.9, 131.9, 130.2, 130.2, 128.7, 128.7, 127.7, 127.7, 126.6, 
126.6, 114.2, 70.1, 46.4, 22.7 
 MS: (EI+, TOF, 70 eV) 188.1 (M+, 2), 170.1 (38), 155.1 (48), 133.1 (100), 115.1 (38), 
91.1 (57) 
 TLC: Rf 0.276 (EtOAc/hexane, 1:4) [UV, KMnO4]. 
 
Preparation of 5-Methyl-1-phenylhex-5-en-3-ol (1.5c) [ZM-07-75] 
 
Following the General Allylation Procedure I, 1.1c (132 µL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.4a (374, 3.0 mmol, 3.0 
equiv), H2O (63 µL, 3.5 mmol, 3.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (49 g SiO2, 3.5 x 13 cm column, hexane (100 %) then Et2O/hexane (1:9 
→ 1:4)) provided 1.5c (128 mg, 67%) as a colorless oil. The spectroscopic data matched those 
from literature and was free of any major impurities.25 
Data for 1.5c: 
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 1H NMR: (500 MHz, CDCl3) 
7.30 (t, J = 7.6 Hz, 2H, C(5’)H), 7.25 – 7.16 (m, 3H, C(6’,4’)H), 4.90 (t, J = 1.8 
Hz, 1H, C(4a)H), 4.82 (s, 1H, C(4b)H), 3.81 – 3.74 (m, 1H, C(1)H), 2.85 (dt, J = 
13.7, 7.8 Hz, 1H, C(2’a)H), 2.72 (dt, J = 13.7, 8.1 Hz, 1H, C(2’b)H), 2.24 (dd, J 
= 13.7, 3.9 Hz, 1H, C(2a)H), 2.15 (dd, J = 13.7, 9.2 Hz, 1H, C(2b)H), 1.83 – 1.77 
(m, 3H, OH and C(1’)H2), 1.75 (s, 1H, C(5)H) 
 13C NMR: (125 MHz, CDCl3) 
  142.8, 128.6, 128.5, 125.9, 113.7, 68.2, 46.4, 38.9, 32.3, 22.6 
 MS: (EI+, TOF, 70 eV) 190.1 (M+, 4), 135.1 (11), 134.1 (37), 117.1 (12), 92.1 (32), 
91.0 (100) 
 TLC: Rf 0.302 (EtOAc/hexane, 1:4) [UV, KMnO4]. 
 
Ethyl 4-hydroxy-2-methylene-4-phenylbutanoate (1.7a)77 [ZM-02-20] 
 
Following the General Allylation Procedure  I, 1.1a (40.8 μL, 0.4 mmol), Ru3(CO)12 (2.56 mg, 
0.004 mmol, 0.01 equiv), TBACl (3.32 mg, 0.012 mmol, 0.03 equiv), 1.6 (78.0 μL, 0.48 mmol, 
1.2 equiv), H2O (10.8 μL, 0.6 mmol, 1.5 equiv), Et3N (5.6 μL, 0.04 mmol, 0.1 equiv), and 
dioxane (2.0 mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification 
by silica gel column chromatography (1.0 cm column) eluting with EtOAc:Hex (1:7, 150 mL) 
provided 1.7a (80.5 mg, 91%) as a colorless oil. The spectroscopic data matched those from 
literature and was free of any major impurities. 
Data for 1.7a: 
 1H NMR: (400 MHz, CDCl3) 
7.23–7.37 (m, 5H, C(aryl)H), 6.22 (d, J = 1.2 Hz, 1H, C(4)H), 5.58 (d, J = 1.2 
Hz, 1H, C(4’)H), 4.87 (ddd, J = 8.4, 4.2, 3.6 Hz, 1H, C(1)H), 4.20 (q, J = 7.2  Hz, 
2H, C(6)H), 2.92 (d, J = 3.6 Hz, 1H, C(OH)), 2.78 (dd, J = 14.1, 4.2 Hz, 1H, 
C(2a)H), 2.66 (dd, J = 14.1, 8.4 Hz, 1H, C(2b)H), 1.32 (t, J = 7.2 Hz, 3H, C(7)H) 
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 13C NMR: (75.5 MHz, CDCl3) 
  167.8, 144.0, 137.2, 128.4, 128.2, 127.5, 125.7, 73.2, 61.1, 42.6, 14.2 
 MS: (ESI) 
  221.0 (M H+), 243 (M Na+) 
 TLC: Rf  0.23 (1:4 EtOAc:Hex) [UV, KMnO4] 
 
Ethyl 4-hydroxy-2-methylene-4-(4-nitrophenyl) butanoate (66f)77 [ZM-03-19] 
 
Following the General Allylation Procedure I, 1.1d (151.12 mg, 1.0 mmol), Ru3(CO)12 (6.39 mg, 
0.01 mmol, 0.01 equiv), TBACl (8.34 mg, 0.03 mmol, 0.03 equiv), 1.6 (217.1 μL, 1.2 mmol, 1.2 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (5.0 
mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification by silica gel 
column chromatography (2.0 cm column) eluting with Et2O:CH2Cl2 (neat CH2Cl2, 560 mL then 
2% Et2O, 200 mL) provided 1.7d (153 mg, 58%) as a yellow solid. The spectroscopic data 
matched those from literature and was free of any major impurities. 
Data for 1.7d: 
 1H NMR: (400 MHz, CDCl3) 
8.16 (m, 2H, C(2’)H), 7.61 (m, 2H, C(3’)H), 5.56 (dd, J = 1.2, 0.9 Hz, 1H), 4.98 
(ddd, J = 8.1, 4.2, 3.6 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 3.48 (d, J = 3.6 Hz, 1H), 
2.80 (ddd, J = 14.1, 4.2, 0.9 Hz, 1H), 2.60 (dd, J = 14.1, 8.1 Hz, 1H), 1.30 (t, J = 
7.2 Hz, 3H) 
 13C NMR: (75.5 MHz, CDCl3) 
  167.9, 151.4, 147.1, 136.3, 129.0, 126.5, 123.6, 72.3, 61.4, 42.6, 14.1 
 MS: (ESI) 
  266.0 (M H+) 
 TLC: Rf 0.20 (neat CH2Cl2) [UV, KMnO4] 
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Ethyl 4-hydroxy-4-(4-methoxyphenyl)-2-methylenebutanoate (1.7e)77 [ZM-03-21] 
 
Following the General Allylation Procedure I, 1.1e (121.7 μL, 1.0 mmol), Ru3(CO)12 (6.39 mg, 
0.01 mmol, 0.01 equiv), TBACl (8.34 mg, 0.03 mmol, 0.03 equiv), 1.6 (217.1 μL, 1.2 mmol, 1.2 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (5.0 
mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification by silica gel 
column chromatography (2.0 cm column) eluting with Et2O:CH2Cl2 (5%, 270 mL) provided 1.7e 
(178.8 mg, 76%) as a colorless oil. The spectroscopic data matched those from literature and was 
free of any major impurities. 
Data for 1.7e: 
 1H NMR: (400 MHz, CDCl3) 
7.28 (m, 2H, C(3’)H), 6.87 (m, 2H, HC(2’)), 6.23 (d, J = 1.40 Hz, 1 H, C(4a)H), 
5.58 (d, J = 1.40 Hz, 1H, C(4b)H), 4.84 (dd, J = 4.34 Hz, 8.40 Hz, 1H, C(1)H), 
4.22 (q, J = 7.16 Hz, 2H, C(6)H), 3.80 (s, 3H, C(6’)H), 2.75 (ddd, J = 1.09 Hz, 
4.35 Hz, 14.01 Hz, 1H, C(2a)H), 2.67 (ddd, j = 0.95 Hz, 8.38 Hz, 14.01 Hz, 1H, 
C(2b)H), 2.62 (s, 1H, OH), 1.31 (t, J = 7.16 Hz, 3H, C(7)H) 
 13C NMR: (75.5 MHz, CDCl3) 
167.80, 159.07, 137.36, 136.24, 128.17, 127.08, 113.83, 72.89, 61.15, 55.38 
 MS: (ESI) 
  273.0 (M Na+) 
 TLC: Rf  0.25 (1:4 EtOAc:Hex) [UV, KMnO4] 
 
Ethyl 4-hydroxy-2-methylene-4-(o-tolyl) butanoate (1.7f) [ZM-03-22] 
 
Following the General Allylation Procedure I, 1.1f (115.6 μL, 1.0 mmol), Ru3(CO)12 (6.39 mg, 
0.01 mmol, 0.01 equiv), TBACl (8.34 mg, 0.03 mmol, 0.03 equiv), 1.6 (217.1 μL, 1.2 mmol, 1.2 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (5.0 
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mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification by silica gel 
column chromatography (2.0 cm column) eluting with Et2O:CH2Cl2 (1%, 400 mL) and then 
subsequent recrystallization from pentane provided 1.7f (179 mg, 76%) as a white solid. 
Data for 1.7f: 
 1H NMR: (400 MHz, CDCl3) 
7.14–7.51 (m, 5H, C(aryl)H), 6.29 (d, J = 1.2 Hz, 1H, C(4)H), 5.67 (d, , 1H, 
C(4’)H), 5.10 (ddd, J = 8.4, 4.2, 3.6 Hz, 1H, C(1)H), 4.24 (q, J = 7.2  Hz, 2H, 
C(6)H), 2.76 (dd, J = 14.1, 4.2 Hz, 1H, C(2a)H), 2.58 (dd, J = 14.1, 8.4 Hz, 1H, 
C(2b)H), 2.52 (d, J = 3.6 Hz, 1H, C(OH)H), 1.56 (s, , 3H, C(7’)H), 1.31 (t, J = 
7.2 Hz, 3H, C(7)H) 
 13C NMR: (75.5 MHz, CDCl3) 
167.80, 159.07, 137.36, 136.24, 128.17, 127.08, 113.83, 72.89, 61.15, 55.38 
 MS: (ESI) 
  221.0 (M H+), 243 (M Na+) 
 TLC: Rf  0.19 (neat CH2Cl2) [UV, KMnO4] 
 
Ethyl 4-hydroxy-2-methylene-6-phenylhexanoate (1.7c)78 [ZM-03-23] 
 
Following the General Allylation Procedure I, 1.1c (131.7 μL, 1.0 mmol), Ru3(CO)12 (6.39 mg, 
0.01 mmol, 0.01 equiv), TBACl (8.34 mg, 0.03 mmol, 0.03 equiv), 1.6 (217.1 μL, 1.2 mmol, 1.2 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (5.0 
mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification by silica gel 
column chromatography (2.0 cm column) eluting with Et2O:Hex (1:9, 200 mL then 1:4, 100 mL) 
provided 1.7c (159.4 mg, 60%) as a colorless oil. The spectroscopic data matched those from 
literature and was free of any major impurities. 
Data for 1.7c: 
 1H NMR: (400 MHz, CDCl3) 
7.20 (m, aryl), 6.24 (d, J = 1.5 Hz, 1H), 5.63 (d, J = 0.9 Hz, 1H), 4.19 (q, J = 7 
Hz, 2H), 3.77 (m, 1H), 2.83 (m, 1H), 2.68 (m, 1H), 2.57 (dd, J = 7, 3 Hz, 1H), 
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2.38 (dd, J = 14.3, 8.2 Hz, 1H), 1.81-1.71 (m, 2H), 1.27 (t, J = 7 Hz, 3H) 
 13C NMR: (75.5 MHz, CDCl3) 
167.6, 142.0, 137.5, 128.3, 128.2, 127.6, 125.6, 69.8, 60.9, 40.4, 38.8, 31.9, 14.0 
 MS: (ESI) 
  249.1 (M H+) 
 TLC: Rf 0.16 (1% Et2O:CH2Cl2) [UV, KMnO4] 
 
(E)-ethyl 4-hydroxy-2-methylene-6-phenylhex-5-enoate (1.7b) [ZM-03-05] 
 
Following the General Allylation Procedure I, 1.1b (50.35 μL, 0.4 mmol), Ru3(CO)12 (2.56 mg, 
0.004 mmol, 0.01 equiv), TBACl (3.32 mg, 0.012 mmol, 0.03 equiv), 1.6 (78.0 μL, 0.48 mmol, 
1.2 equiv), H2O (10.8 μL, 0.6 mmol, 1.5 equiv), Et3N (5.6 μL, 0.04 mmol, 0.1 equiv), and 
dioxane (2.0 mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification 
by silica gel column chromatography (1.0 cm column) eluting with CH2Cl2 (neat, 500 mL) 
provided 1.7b (92.6 mg, 94%) as a colorless oil. 
Data for 1.7b: 
 1H NMR: (400 MHz, CDCl3) 
7.23–7.55 (m, 5H, C(aryl)H), 6.63 (d, 1H, C(2’)H), 6.20 (d, 1H, C(1’)H), 6.29 
(d, J = 1.2 Hz, 1H, C(4)H), 5.70 (d, J = 1.2 Hz, 1H, C(4’)H), 4.50 (ddd, J = 8.4, 
4.2, 3.6 Hz, 1H, C(1)H), 4.21 (q, J = 7.2  Hz, 2H, C(6)H), 2.78 (dd, J = 14.1, 4.2 
Hz, 1H, C(2)H), 2.42 (d, J = 3.6 Hz, 1H, C(OH)H), 1.30 (t, J = 7.2 Hz, 3H, 
C(7)H) 
 MS: (ESI) 
  235.0 (M H+), 257.0 (M Na+) 
 TLC: Rf  0.19 (neat CH2Cl2) [UV, KMnO4] 
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Ethyl 4-hydroxy-6-methyl-2-methyleneheptanoate (1.7g) [ZM-03-09] 
 
Following the General Allylation Procedure I, 1.1g (42.90 μL, 0.4 mmol), Ru3(CO)12 (2.56 mg, 
0.004 mmol, 0.01 equiv), TBACl (3.32 mg, 0.012 mmol, 0.03 equiv), 1.6 (78.0 μL, 0.48 mmol, 
1.2 equiv), H2O (10.8 μL, 0.6 mmol, 1.5 equiv), Et3N (5.6 μL, 0.04 mmol, 0.1 equiv), and 
dioxane (2.0 mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification 
by silica gel column chromatography (1.0 cm column) eluting with CH2Cl2 (neat, 500 mL) 
provided 1.7g (58.8 mg, 73%) as a colorless oil. 
Data for 1.7g: 
 1H NMR: (400 MHz, CDCl3) 
6.26 (d, J = 1.2 Hz, 1H, C(4a)H), 5.65 (d, J = 1.2 Hz, 1H, C(4b)H), 4.22 (q, J = 
7.2  Hz, 2H, C(6)H), 3.81 (ddd, J = 8.4, 4.2, 3.6 Hz, 1H, C(1)H), 2.58 (dd, J = 
14.1, 4.2 Hz, 1H, C(2a)H), 2.30 (dd, J = 14.1, 8.4 Hz, 1H, C(2b)H), 2.05 (d, J = 
3.6 Hz, 1H, C(OH)H), 1.80 (m, 1H, C(2’)H), 1.33 (m, 1H, C(1’a)H), 1.26 (m, 
1H, C(1’b)H), 1.31 (dt, J = 7.2 Hz, 3H, C(7)H), 0.92 (t, 6H, C(3’)H) 
 MS: (ESI) 
  201.1 (M H+) 
 TLC: Rf 0.13 (neat CH2Cl2) [UV, KMnO4] 
 
Ethyl 4-hydroxy-5-methyl-2-methylene hexanoate (1.7t)79 [ZM-03-07] 
 
Following the General Allylation Procedure I, 1.1t (36.51 μL, 0.4 mmol), Ru3(CO)12 (2.56 mg, 
0.004 mmol, 0.01 equiv), TBACl (3.32 mg, 0.012 mmol, 0.03 equiv), 1.6 (78.0 μL, 0.48 mmol, 
1.2 equiv), H2O (10.8 μL, 0.6 mmol, 1.5 equiv), Et3N (5.6 μL, 0.04 mmol, 0.1 equiv), and 
dioxane (2.0 mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification 
by silica gel column chromatography (1.0 cm column) eluting with CH2Cl2 (neat, 200 mL then 
5% Et2O:CH2Cl2, 200 mL) provided 1.7z (50.0 mg, 67.1%) as a colorless oil. The spectroscopic 
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data matched those from literature and was free of any major impurities. 
Data for 1.7t: 
 1H NMR: (400 MHz, CDCl3) 
6.25 (d, J = 1.4 Hz, 1H), 5.66 (m, 1H), 4.22 (q, 2H, J = 7.2 Hz), 3.50 (ddd, J = 
2.7 Hz, 5.3 Hz, 9.4 Hz, 1H), 3.50 (ddd, 1H, J = 1.0 Hz, 2.7 Hz, 14.0 Hz), 2.29 
(dd, J = 9.4 Hz , 14.0 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H), 1.67 (m, 1H), 0.96 (d, J = 
6.7 Hz, 6H) 
 13C NMR: (75.5 MHz, CDCl3) 
167.8, 138.3, 127.1, 75.4, 60.9, 37.2, 33.6, 18.5, 17.3, 14.1 
 MS: (ESI) 
  87.0 (M H+), 209.0 (M Na+) 
 TLC: Rf 0.36 (10% Et2O:CH2Cl2) [UV, KMnO4] 
 
Ethyl 4-hydroxy-5,5-dimethyl-2-methylenehexanoate (1.7h)80 [ZM-03-08] 
 
Following the General Allylation Procedure I, 1.1h (43.45 μL, 0.4 mmol), Ru3(CO)12 (2.56 mg, 
0.004 mmol, 0.01 equiv), TBACl (3.32 mg, 0.012 mmol, 0.03 equiv), 1.6 (78.0 μL, 0.48 mmol, 
1.2 equiv), H2O (10.8 μL, 0.6 mmol, 1.5 equiv), Et3N (5.6 μL, 0.04 mmol, 0.1 equiv), and 
dioxane (2.0 mL) were combined under 40 psi of CO at 75 °C for 20 h. Workup and purification 
by silica gel column chromatography (1.0 cm column) eluting with CH2Cl2 (neat, 200 mL then 
5% Et2O:CH2Cl2, 100 mL) provided 1.7h (48.8 mg, 60.9%) as a colorless oil. The spectroscopic 
data matched those from literature and was free of any major impurities. 
Data for 1.7h: 
 1H NMR: (400 MHz, CDCl3) 
6.25 (d, J = 1.3 Hz, 1H), 5.66 (s, 1H), 4.21 (m, 2H), 3.33 (ddd, J = 10.2 Hz, 4.6 
Hz, 2.0 Hz, 1H), 2.65 (dt, J = 13.5 Hz, 2.0 Hz, 1H), 2.19 (ddd, J = 13.5 Hz, 10.2 
Hz, 0.7 Hz, 1H), 2.09 (d, J = 4.6 Hz, OH), 1.31 (t, J = 7.3 Hz, 3H), 0.95 (s, 9H) 
 13C NMR: (75.5 MHz, CDCl3) 
167.64, 138.77, 126.88, 78.51, 60.92, 35.17, 35.02, 25.67, 14.21 
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 MS: (ESI) 
  201.1 (M H+), 223.1 (M Na+) 
 TLC: Rf 0.21 (neat CH2Cl2) [UV, KMnO4] 
 
Preparation of tert-Butyl 4-Hydroxy-2-methylene-4-phenylbutanoate (1.10a). [ZM-05-20] 
 
Following the General Allylation Procedure I, 1.1a (102 μL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.020 mmol, 0.02 equiv), TBACl (16.9 mg, 0.060 mmol, 0.06 equiv), 1.9 (320.4 mg, 1.60 mmol, 
1.6 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (radial silica gel chromatography 2 mm, EtOAc/hexane (1:7) then 
radial silica gel chromatography 2 mm, Et2O/CH2Cl2 (5 % Et2O) then 7.2 g SiO2, 1 x 19.5 cm 
column, Et2O/hexane (3 % Et2O)) and then further purified via Kugelrohr distillation to afford 
1.10a (227 mg, 91%) as a clear, colorless oil. 
Data for 1.10a: 
 bp: 100 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.38 – 7.35 (m, 2H, C(3’)H), 7.35 – 7.31 (m, 2H, C(2’)H), 7.26 (tt, J = 6.2, 1.7 
Hz, 1H, C(4’)H), 6.15 (d, J = 1.6 Hz, 1H, C(4a)H), 5.52 (d, J = 1.6 Hz, 1H, 
C(4b)H), 4.87 (dt, J = 8.6, 4.0 Hz, 1H, C(1)H), 2.95 (d, J = 3.2 Hz, 1H, OH), 
2.75 (ddd, J = 14.0, 4.0, 1.1 Hz, 1H, C(2a)H), 2.62 (ddd, J = 14.0, 8.6, 0.9 Hz, 
1H, C(2b)H), 1.51 (s, 9H, C(7)H3 x3).  
 13C NMR: (125 MHz, CDCl3) 
 167.2 C(5), 144.2 C(1’), 138.7 C(3), 128.5 C(2’), 127.6 C(4’), 127.5 C(4), 125.8 
C(3’), 81.4 C(6), 73.4 C(1), 42.9 C(2), 28.2 C(7) 
 IR (neat): 3438 (m), 3062 (w), 3029 (w), 3004 (w), 2977 (m), 2931 (m), 2359 (w), 2338 
(w), 1708 (s), 1603 (m), 1493 (w), 1479 (w), 1453 (m), 1392 (m), 1368 (s), 1339 
(m), 1313 (m), 1254 (m), 1214 (m), 1146 (s), 1050 (m), 950 (w), 912 (w), 879 
(w), 850 (m), 817 (w), 755 (m), 737 (w), 70 (m), 637 (w) 
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 MS: MS (CI+, 70 EV) 249.1 (MH+, 10), 193.0 (24), 175.0 (100), 129.0 (10), 107.0 
(41), 79.0 (20), 77.0 (18) 
 TLC: Rf 0.298 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C15H20O3 (248.32):  C, 72.55; H, 8.12%.  
  Found:      C, 72.30; H, 8.11%. 
 
Preparation of (E)-tert-Butyl 4-Hydroxy-2-methylene-6-phenylhex-5-enoate (1.10b) [ZM-
06-14] 
 
Following the General Allylation Procedure I, 1.1b (125.9 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.9 (280.3 mg, 1.4 mmol, 1.4 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (62 g SiO2, 3.5 x 17 cm column, CH2Cl2 (100 %) → Et2O/CH2Cl2 (1 % 
→ 4% Et2O) then 30 g SiO2, 2.5 x 17 cm column, CH2Cl2 (100 %) → Et2O/CH2Cl2 (3 % Et2O)) 
provided 1.10b (230 mg, 84%) as a clear, slightly yellow oil. 
Data for 1.10b: 
 bp: 150 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.40 – 7.34 (m, 2H, C(4’)H), 7.34 – 7.27 (m, 2H, C(5’)H), 7.27 – 7.19 (m, 1H, 
C(6’)H), 6.65 – 6.57 (m, 1H, C(2’)H), 6.23 (dd, J = 15.9, 6.2 Hz, 1H, C(1’)H), 
6.19 (dd, J = 1.6, 0.6 Hz, 1H, C(4a)H), 5.63 (dt, J = 1.6, 1.0 Hz, 1H, C(4b)H), 
4.47 (dqd, J = 8.7, 4.3, 2.1 Hz, 1H, C(1)H), 2.69 (ddd, J = 13.9, 4.3, 1.1 Hz, 1H, 
C(2a)H), 2.59 – 2.47 (m, 2H, OH and C(2b)H) 1.49 (s, 9H, C(7)H3 x3).  
 13C NMR: (125 MHz, CDCl3) 
 167.2 C(5), 138.5 C(3), 136.9 C(3’), 131.8 C(2’), 130.2 C(1’), 128.6 C(5’), 127.7 
C(6’), 127.5 C(4), 126.6 C(4’), 81.4 C(6), 71.9 C(1), 40.7 C(2), 28.2 C(7) 
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 IR (neat): 3420 (m), 3024 (m), 2977 (s), 2930 (m), 2871 (w), 1706 (s), 1629 (m), 1494 (m), 
1476 (m), 1449 (m), 1392 (m), 1368 (s), 1337 (m), 1314 (s), 1255 (m), 1215 (m), 
1148 (s), 1098 (m), 1070 (w), 1032 (m), 965 (s), 876 (w), 850 (m), 817 (w), 749 
(s), 693 (s) 
 MS: (ESI) 297.2 (MNa+, 100), 242.2 (14), 201.0 (20) 
 TLC: Rf 0.246 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C10H18O4 (274.36):   C, 74.42; H, 8.08%.  
  Found:      C, 74.48; H, 8.35% 
 
Preparation of tert-Butyl 4-Hydroxy-2-methylene-6-phenylhexanoate (1.10c) [ZM-05-15] 
 
Following the General Allylation Procedure I, 1.1c (131.7 μL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.020 mmol, 0.02 equiv), TBACl (16.9 mg, 0.060 mmol, 0.06 equiv), 1.9 (240.3 mg, 1.20 mmol, 
1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (radial silica gel chromatography 2 mm, EtOAc/hexane (1:9) then 
25 g SiO2, 2 x 14 cm column, Et2O/CH2Cl2 (3 % Et2O)) provided 1.10c (216 mg, 78%) as a 
colorless oil. 
Data for 1.10c: 
 bp: 125 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.31 – 7.25 (m, 2H, C(5’)H), 7.24 – 7.20 (m, 2H, C(4’)H), 7.20 – 7.15 (m, 1H, 
C(6’)H) 6.15 (d, J = 1.7 Hz, 1H, C(4a)H), 5.57 (d, J = 1.7 Hz, 1H, C(4b)H), 3.76 
(dddd, J = 8.3, 6.0, 4.1, 2.4 Hz, 1H, C(2)H), 2.83 (dt, J = 13.8, 7.7 Hz, 1H, 
C(2’a)H), 2.70 (dt, J = 13.8, 8.2 Hz, 1H, C(2’b)H), 2.57 (ddd, J = 13.9, 3.5, 1.1 
Hz, 1H, C(2a)H), 2.49 (d, J = 4.1 Hz, 1H, OH), 2.36 (ddd, J = 13.9, 8.3, 0.9 Hz, 
1H, C(2b)H), 1.78 (td, J = 8.2, 6.0 Hz, 2H, C(1’)H2), 1.48 (s, 9H, C(7)H3 x3).  
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 13C NMR: (125 MHz, CDCl3) 
 167.2 C(5), 142.3 C(3’), 139.1 C(3), 128.6 C(4’), 128.5 C(5’), 127.0 C(4), 125.9, 
C(6’), 81.3 C(6), 70.2 C(1), 40.7 C(2), 39.1 C(1’), 32.2 C(2’), 28.1 C(7) 
 IR (neat): 3426 (m), 3085 (w), 3062 (w), 3026 (w), 2977 (m), 2930 (m), 2863 (w), 1709 
(s), 1630 (m), 1603 (w), 1495 (w), 1478 (w), 1541 (m), 1392 (m), 1368 (s), 1336 
(m), 1313 (m), 1254 (m), 1217 (m), 1151 (s), 1078 (w), 1052 (w), 1031 (w), 946 
(w), 849 (w), 819 (w), 747 (w), 700 (m) 
 MS: (CI+, 70 eV) 277.2 (MH+, 6), 221.1 (63), 203.1 (100), 185.1 (48), 157.1 (84), 
125.1 (12), 117.1 (28), 91.1 (34) 
 TLC: Rf 0.326 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C10H18O4 (264.38):   C, 73.88; H, 8.75%.  
  Found:      C, 73.60; H, 8.84%. 
 
Preparation of tert-Butyl 4-Hydroxy-2-methylene-4-(4-nitrophenyl)butanoate (1.10d). [ZM-
06-08] 
 
Following the General Allylation Procedure I, 1.1d (151.1 mg, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.020 mmol, 0.02 equiv), TBACl (16.9 mg, 0.060 mmol, 0.06 equiv), 1.9 (240.3 mg, 1.20 mmol, 
1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (62 g, 3.5 x 17 cm column, EtOAc/hexane (1:9 → 1:7 → 1:4) then 
Et2O/CH2Cl2 (3 % Et2O)) and then further purified via Kugelrohr distillation to afford 1.10d 
(190 mg, 65%) as a clear, yellow viscous oil. 
Data for 1.10d: 
 bp: 200 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
8.20 (dd, J = 8.7, 1.8 Hz, 2H, C(3’)H), 7.54 (dd, J = 8.7, 1.8 Hz, 1H, C(2’)H), 
6.15 (t, J = 1.5 Hz, 1H, C(4a)H), 5.51 (t, J = 1.2 Hz, 1H, C(4b)H), 5.00 (dt, J = 
7.6, 3.6 Hz, 1H, C(1)H), 3.50 (d, J = 3.5 Hz, 1H, OH), 2.80 (ddt, J = 14.1, 3.6, 
1.0 Hz, 1H, C(2a)H), 2.58 (m, 1H, C(2b)H), 1.52 (d, J = 1.5 Hz, 9H, C(7)H3 x3).  
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 13C NMR: (125 MHz, CDCl3) 
 167.5 C(5), 151.5 C(1’), 147.3 C(4’), 137.9 C(3), 128.5 C(4), 126.6 C(2’), 123.7 
C(3’), 82.1 C(6), 72.7 C(1), 42.9 C(2), 28.2 C(7) 
 IR (neat): 3444 (m), 3078 (w), 2979 (s), 2932 (m), 2870 (w), 2451 (w), 1929 (w), 1807 
(w), 1705 (s), 1630 (m), 1602 (s), 1522 (s), 1492 (m), 1478 (m), 1457 (m), 1431 
(m), 1393 (s), 1368 (s), 1345 (s), 1314 (s), 1255 (s), 1217 (s), 1148 (s), 1109 (m), 
1063 (s), 1013 (m), 954 (m), 880 (m), 853 (s), 820 (m), 751 (m), 737 (m), 701 
(m), 659 (w), 616 (w) 
 MS: (EI+, 70 eV) 294.1 (MH+, 31), 238.1 (76), 220.0 (100), 152.0 (24), 142.1 (42), 
135.0 (25), 106.0 (11), 105.0 (11), 86.1 (36) 
 TLC: Rf 0.15 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C15H19NO5 (293.32):  C, 61.42; H, 6.53; N, 4.78%.  
  Found:      C, 61.64; H, 6.51; N, 4.81% 
 
Preparation of tert-Butyl 4-Hydroxy-2-methylene-4-(4-(trifluoromethyl)phenyl)butanoate 
(1.10i) [ZM-05-14] 
 
Following the General Allylation Procedure I, 1.1i (136.6 μL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.020 mmol, 0.02 equiv), TBACl (16.9 mg, 0.060 mmol, 0.06 equiv), 1.9 (240.3 mg, 1.20 mmol, 
1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (radial silica gel chromatography 2 mm, EtOAc/hexane (1:4) then 
16 g SiO2, 2.5 x 8.5 cm column, Et2O/hexane (1:7)) and then further purified via Kugelrohr 
distillation to afford 1.10i (296 mg, 94%) as a white solid. 
Data for 1.10i: 
 bp: 125 °C (ABT, 10-5 mm Hg) 
 mp: 51-52 °C 
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 1H NMR: (500 MHz, CDCl3) 
7.60 (d, J = 8.2 Hz, 2H, C(3’)H), 7.48 (d, J = 8.2 Hz, 2H, C(2’)), 6.16 (d, J = 1.5 
Hz, 1H, C(4a)H), 5.53 (d, J = 1.5 Hz, 1H, C(4b)H), 4.94 (dt, J = 7.8, 3.5 Hz, 1H, 
C(1)H), 3.22 (d, J = 3.5 Hz, 1H, OH), 2.83 – 2.72 (m, 1H, C(2a)H), 2.65 – 2.53 
(m, 1H, C(2b)H), 1.51 (s, 9H, C(7)H3 x3.  
 13C NMR: (125 MHz, CDCl3) 
 167.3 C(5), 148.2 C(1’), 138.2 C(3), 129.59 (q, J = 32.3 Hz, C(4’)), 128.11 C(4), 
126.13 C(2’), 125.34 (q, J = 3.9 Hz, C(3’)), 124.4 (q, J = 271.9 Hz, C(5’)), 81.72 
C(6), 72.9 C(1), 42.8 C(2), 28.1 C(7) 
 19F NMR:  (470 MHz, CDCl3) δ -62.9 (versus external BF3•OEt2 standard) 
 IR (neat): 3417 (w), 3006 (w), 2984 (w), 2931 (w), 1703 (s), 1633 (w), 1619 (w), 1422 (w), 
1417 (w), 1408 (w), 1391 (w), 1370 (m), 1330 (s), 1257 (w), 1226 (w), 1162 (s), 
1149 (s), 1126 (s), 1106 (m), 1068 (m), 1052 (w), 1015 (w), 955 (w), 948 (w), 
875 (w), 849 (w), 835 (m), 819 (w), 756 (w), 689 (w), 654 (w), 605 (w) 
 MS: (EI+, 70 eV) 317.0 (MH+,4), 260.9 (32), 242.9 (100), 240.9 (42), 231.0 (15), 
222.9 (16), 196.9 (19), 177.0 (15), 174.9 (96), 173.0 (24), 145.0 (20), 142.0 (52), 
128.0 (20), 127.0 (75), 86.0 (48), 68.0 (18) 
 TLC: Rf 0.260 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C16H19F3O3 (316.32):  C, 60.75; H, 6.05%.  
  Found:      C, 60.44; H, 6.01% 
 
Preparation of tert-Butyl 4-Hydroxy-4-(4-methoxyphenyl)-2-methylenebutanoate (1.10e). 
[ZM-05-13] 
 
Following the General Allylation Procedure I, 1.1e (121.7 µL 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.020 mmol, 0.02 equiv), TBACl (16.9 mg, 0.060 mmol, 0.06 equiv), 1.9 (240.3 mg, 1.20 mmol, 
1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (radial silica gel chromatography 2 mm, Et2O/CH2Cl2 (3 % Et2O) 
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then radial silica gel chromatography 2 mm, Et2O/CH2Cl2 (3 % Et2O) then 7.2 g SiO2, 1 x 15.5 
cm column, CH2Cl2 (100 %) → Et2O/CH2Cl2 (3 % Et2O)) and then further purified via 
Kugelrohr distillation to afford 1.10e (232 mg, 83%) as a clear, colorless oil.  
Data for 1.10e: 
 bp: 175 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.29 (d, J = 8.7 Hz, 2H, C(2’)H), 6.88 (d, J = 8.7 Hz, 2H, C(3’)H), 6.14 (d, J = 
1.7 Hz, 1H, C(4a)H), 5.52 (d, J = 1.7 Hz, 1H, C(4b)H), 4.82 (dd, J = 8.4, 3.4 Hz, 
1H, C(1)H), 3.80 (s, 3H, C(5’)H3), 2.75 – 2.69 (m, 2H, OH and C(2a)H), 2.62 
(ddd, J = 13.9, 8.5, 0.9 Hz, 1H, C(2b)H), 1.51 (s, 9H, C(7)H3 x3).  
 13C NMR: (125 MHz, CDCl3) 
167.2 C(5), 159.1 C(4’), 138.9 C(3), 136.4 C(1’), 127.4 C(4), 127.1 C(2’), 113.9 
C(3’), 81.3 C(6), 73.09 C(1), 55.4 C(5’), 42.8 C(2), 28.2 C(7) 
 IR (neat): 3443 (m), 2996 (m), 2977 (s), 2931 (m), 2832 (m), 1710 (s), 1629 (m), 1613 (s), 
1586 (m), 1513 (s), 1456 (m), 1439 (m), 1393 (m), 1368 (s), 1335 (m), 1303 (s), 
1247 (s), 1214 (m), 1146 (s), 1109 (m), 1036 (s), 952 (w), 879 (w), 847 (m), 832 
(m), 817 (m), 775 (w), 758 (w) 
 MS: (ESI) 301.2 (MNa+, 100), 242.2 (40), 205.0 (35), 102.1 (23) 
 TLC: Rf 0.175 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C16H22O4 (278.35):   C, 69.04; H, 7.97%.  
  Found:      C, 68.75; H, 8.13% 
 
Preparation of tert-Butyl 4-Hydroxy-2-methylene-4-(2-tolyl)butanoate (1.10f) [ZM-05-35] 
 
Following the General Allylation Procedure I, 1.1f (115.6 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.9 (280.3 mg, 1.4 mmol, 1.4 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (radial silica gel chromatography 2 mm, EtOAc/hexane (1:7) then radial 
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silica gel chromatography 2 mm, Et2O/CH2Cl2 (5 % Et2O) then 7.2 SiO2, 1 x 19.5 cm column, 
Et2O/CH2Cl2 (3 % Et2O)) then further purified via Kugelrohr distillation provided 1.10f (192 mg, 
73%) as a clear, colorless oil. 
Data for 1.10f: 
 bp: 125 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.51 (dd, J = 7.5, 1.4 Hz, 1H), 7.23 (td, J = 7.5, 1.6 Hz, 1H, C(3’)H), 7.16 (td, J = 
7.5, 1.4 Hz, 1H, C(4’)H), 7.12 (dd, J = 7.5, 1.6 Hz, 1H, C(5’)H), 6.16 (d, J = 1.6 
Hz, 1H, C(4a)H), 5.56 (d, J = 1.6 Hz, 1H, C(4b)H), 5.15 – 5.01 (m, 1H, C(1)H), 
2.88 (s, 1H, OH), 2.72 (ddd, J = 14.0, 3.5, 1.1 Hz, 1H, C(2a)H), 2.57 (ddd, J = 
14.0, 8.8, 0.9 Hz, 1H, C(2b)H), 2.36 (s, 3H, C(7’)H3), 1.51 (s, 9H, C(7)H3 x3).  
 13C NMR: (125 MHz, CDCl3) 
167.3 C(5), 142.4 C(6’), 139.0 C(3), 134.4 C(1’), 130.4 C(5’), 127.5 C(4), 127.3 
C(4’), 126.3 C(3’), 125.3 C(2’), 81.4 C(6), 69.9 C(1), 41.6 C(2), 28.2 C(7), 19.2 
C(7’) 
 IR (neat): 3441 (m), 3052 (w), 2977 (s), 2931 (m), 1914 (w), 1712 (s), 1630 (m), 1605 (w), 
1479 (m), 1461 (m), 1393 (s), 1368 (s), 1337 (s), 1316 (s), 1281 (m), 1255 (s), 
1215 (s), 1146 (s), 1111 (m), 1045 (s), 1011 (m), 946 (m), 879 (w), 850 (m), 818 
(w), 754 (m), 726 (m), 676 (w), 632 (w), 607 (w) 
 MS: (EI+, 70 eV) 262.1 (M+, 1), 206.1 (11), 189.1 (11), 212.0 (12), 121.1 (100), 93.1 
(24), 91.0 (17), 77.1 (13) 
 TLC: Rf 0.314 (EtOAc/hexane, 1:4) [UV, KMnO4] 
CHN: Anal. Calcd for C16H22O3 (262.34):   C, 73.25; H, 8.45%. 
Found:      C, 73.19; H, 8.26% 
 
Preparation of tert-Butyl 4-Hydroxy-6-methyl-2-methyleneheptanoate (1.10g) [ZM-05-37] 
 
Following the General Allylation Procedure I, 1.1g (107.3 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.9 (280.3 mg, 1.4 mmol, 1.4 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
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mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (48 g SiO2 3.5 x 13.5 cm column, hexane (100 %) → Et2O/hexane (1:7) 
then 20 g SiO2 2.5 x 11 cm column, CH2Cl2 (100 %)  Et2O/CH2Cl2 (3 % Et2O)) provided 
1.10g (192 mg, 84%) as a clear, colorless oil. 
Data for 1.10g: 
 bp: 75 °C (ABT, 0.18 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
6.15 (d, J = 1.7 Hz, 1H, C(4a)H), 5.57 (d, J = 0.9 Hz, 1H, C(4b)H), 3.80 (tt, J = 
8.3, 3.9 Hz, 1H, C(1)H), 2.53 (ddd, J = 13.9, 3.4, 1.1 Hz, 1H, C(2a)H), 2.27 (ddd, 
J = 13.9, 8.4, 0.9 Hz, 1H, C(2b)H), 2.15 (s, 1H, OH), 1.80 (dddd, J = 13.2, 12.2, 
8.7, 6.6 Hz, 1H, C(2’)H), 1.50 (s, 9H, C(7)H3 x3), 1.42 (ddd, J = 14.1, 8.7, 5.6 
Hz, 1H, C(1’a)H), 1.23 (ddd, J = 13.4, 8.7, 4.4 Hz, 1H, C(1’b)H), 0.92 (dd, J = 
8.9, 6.6 Hz, 6H, C(3’)H3 x 2).  
 13C NMR: (125 MHz, CDCl3) 
167.2 C(5), 139.3 C(3), 126.8 C(4), 81.2 C(6), 68.8 C(1), 46.6 C(1’), 41.1 C(2), 
28.2 C(7), 24.7 C(2’), 23.5 C(3’a), 22.2 C(3’b) 
 IR (neat): 3443 (m), 2955 (s), 2930 (s), 2870 (m), 1886 (w), 1711 (s), 1631 (m), 1469 (m), 
1455 (m), 1392 (m), 1368 (s), 1338 (s), 1314 (s), 1255 (m), 1214 (s), 1150 (s), 
1070 (m), 1031 (m), 988 (w), 944 (m), 876 (w), 851 (m), 818 (w), 759 (w), 738 
(w), 692 (w), 621 (w) 
 MS: (CI+, 70 eV) 229.2 (MH+, 36), 174.1 (13), 173.1 (97), 155.1 (92), 153.1 (10), 
137.1 (39), 115.0 (19), 109.1 (100), 69.1 (10), 57.0 (82) 
 TLC: Rf 0.282 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C13H24O3 (228.33):   C, 68.38; H, 10.59%.  
  Found:      C, 68.56; H, 10.54% 
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Preparation of tert-Butyl 4-Hydroxy-5,5-dimethyl-2-methylenehexanoate (1.10h) [ZM-05-
36] 
 
Following the General Allylation Procedure I, 1.1h (108.6 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.9 (280.3 mg, 1.4 mmol, 1.4 
equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (31 g SiO2 3.5 x 8.5 cm column, Et2O/hexane (1:7) then 24.5 g SiO2 2.5 
x 14 cm column, CH2Cl2 (100 %)  Et2O/CH2Cl2 (3 % Et2O)) provided 1.10h (140 mg, 61%) as 
a clear, colorless oil. 
Data for 1.10h: 
 bp: 75 °C (ABT, 0.18 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
6.15 (d, J = 1.7 Hz, 1H, C(4a)H), 5.58 (dt, J = 1.7, 1.0 Hz, 1H, C(4b)H), 3.30 
(ddd, J = 10.4, 4.3, 2.0 Hz, 1H, C(1)H), 2.59 (ddd, J = 13.8, 2.0, 1.2 Hz, 1H, 
C(2a)H), 2.26 (d, J = 4.3 Hz, 1H, OH), 2.16 (ddd, J = 13.8, 10.4, 0.8 Hz, 1H, 
C(2b)H), 1.50 (s, 9H, C(7)H3 x3), 0.94 (s, 9H, C(2’)H3 x3).  
 13C NMR: (125 MHz, CDCl3) 
167.4 C(5), 140.4 C(3), 126.6 C(4), 81.3 C(6), 78.9 C(1), 35.2 C(2), 35.1 C(1’), 
28.2 C(7), 25.8 C(2’) 
 IR (neat): 3475 (m), 3004 (m), 2961 (s), 2907 (m), 2870 (m), 1709 (s), 1631 (m), 1479 (m), 
1460 (m), 1432 (w), 1393 (m), 1367 (s), 1337 (m), 1318 (m), 1288 (m), 1250 
(m), 1223 (m), 1148 (s), 1068 (m), 1043 (w), 1009 (m), 944 (m), 910 (w), 864 
(w), 850 (m), 818 (w), 756 (w), 675 (w), 628 (w) 
 MS: (CI+, 70 eV) 229.2 (MH+, 5), 156.0 (12), 155.1 (100), 137.1 (84), 109.1 (52), 
101.1 (24), 89.1 (16), 87.0 (15) 
 TLC: Rf 0.369 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C13H24O3 (228.33):   C, 68.38; H, 10.59%.  
  Found:      C, 68.03; H, 10.74%. 
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Preparation of tert-Butyl 4-Hydroxy-4-(4-methoxyphenyl)-2-methylenebutanoate (1.10j) 
[ZM-06-64] 
 
Following the General Allylation Procedure I, 1.10j (93.5 mg, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.020 mmol, 0.02 equiv), TBACl (16.9 mg, 0.060 mmol, 0.06 equiv), 1.9 (240.3 mg, 1.20 mmol, 
1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (57 g SiO2, 3.5 x 15 cm column, hexane (100 %) → TBME/hexane 
(1:9 → 1:7) then 27 g SiO2, 2 x 27 cm column, CH2Cl2 (100 %) → Et2O/CH2Cl2 (3 % Et2O)) and 
then further purified via Kugelrohr distillation to afford 1.10j (215 mg, 85%) as a clear, colorless 
oil. 
Data for 1.10j: 
 bp: 150 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.24 – 7.21 (m, 1H, C(4’)H), 7.01 – 6.90 (m, 2H, C(3’)H and C(2’)H), 6.17 (t, J 
= 1.2 Hz, 1H, C(4a)H), 5.59 (t, J = 1.3 Hz, 1H, C(4b)H), 5.19 – 5.05 (m, 1H, 
C(1)H), 3.01 (dd, J = 4.0, 0.9 Hz, 1H, OH), 2.86 (ddd, J = 14.0, 4.2, 1.0 Hz, 1H, 
C(2a)H), 2.75 (ddd, J = 14.0, 8.5, 0.9 Hz, 1H, C(2b)H), 1.51 (d, J = 0.8 Hz, 9H, 
C(7)H3 x3).  
 13C NMR: (125 MHz, CDCl3) 
167.1 C(5), 148.3 C(1’), 138.2 C(3), 127.9 C(4), 126.7 C(3’), 124.4 C(4’), 123.5 
C(2’), 81.5 C(6), 69.7 C(1), 42.9 C(2), 28.2 C(7) 
 IR (neat): 3431 (m), 2977 (m), 2926 (m), 1704 (s), 1632 (m), 1393 (m), 1368 (s), 1340 (m), 
1316 (m), 1255 (m), 1222 (m), 1152 9s), 1037 (m), 951 (m), 876 (w), 850 (m), 
818 (m), 751 (w), 698 (m) 
 MS: (ESI) 277.1 (MNa+, 100), 242.3 (33), 181.0 (10) 
 TLC: Rf 0.309 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C13H18O3S (254.34):  C, 61.39; H, 7.13%.  
  Found:      C, 61.33; H, 7.07%. 
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Preparation of tert-Butyl 4-Hydroxy-4-(4-methoxyphenyl)-2-methylenebutanoate (1.10j) 
[ZM-06-64] 
 
Following the General Allylation Procedure I, 1.1a (102 µL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.11 (284.1 mg, 2.0 mmol, 
2.0 equiv), H2O (63 µL, 3.5 mmol, 3.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (50 g SiO2, 2.5 x 27 cm column, EtOAc/hexane (1:9 w/ 1 % Et3N → 
1:5 → 1:4) then radial silica gel chromatography 2 mm Et2O/CH2Cl2 (15 % Et2O)) provided 
1.12a (141 mg, 74%) as a colorless oil. 
Data for 1.12a: 
 bp: 150 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.39 – 7.32 (m, 4H, C(3’H and C(2’)H), 7.30 – 7.24 (m, 1H, C(4’)H), 6.10 (s, 
1H, C(4a)H), 5.82 (d, J = 1.0 Hz, 1H, C(4b)H), 4.83 (dt, J = 8.1, 3.7 Hz, 1H, 
C(1)H), 2.90 (d, J = 3.7 Hz, 1H, OH), 2.77 (ddd, J = 13.9, 4.0, 1.0 Hz, 1H, 
C(2a)H), 2.65 (ddd, J = 13.9, 8.4, 0.9 Hz, 1H, C(2b)H), 2.38 (s, 3H, C(6)H3).  
 13C NMR: (125 MHz, CDCl3) 
201.3 C(5), 145.7 C(3), 144.3 C(1’), 128.8 C(4), 128.4 C(2’), 127.5 C(4’), 125.8 
C(3’), 73.4 C(1), 41.6 C(2), 25.9 C(6) 
 IR (neat): 3411 (w), 3088 (w), 3063 (w), 3030 (w0, 2925 (w), 1671 (m), 1628 (w), 1494 
(w), 1453 (w), 1426 (w), 1365 (w), 1325 (w), 1186 (w), 1126 (w), 1081 (w), 
1052 (w), 1027 (w), 1016 (w), 947 (w), 876 (w), 760 (w), 699 (m), 652 (w), 609 
(w) 
 MS: (EI+, 70 eV) 190.1 (M+, 25), 173.1 (38), 172.1 (18), 129.1 (21), 128.1 (15), 108.1 
(18), 107.1 (100), 105.0 (44), 85.1 (34), 84.1 (34), 79.1 (98), 78.1 (16), 77.1 (78), 
69.0 (67), 50.7 (25) 
 HRMS: (CI+, TOF) calcd for C12H14O2, 190.0994; found, 190.0995 
 TLC: Rf 0.093 (EtOAc/hexane, 1:4) [UV, KMnO4] 
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Preparation of (E)-5-Hydroxy-3-methylene-7-phenylhept-6-en-2-one (1.12b) [ZM-Feb14-05] 
 
Following the General Allylation Procedure I, 1.1b (126 µL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.11 (340.9 mg, 2.4 mmol, 
2.4 equiv), H2O (63 µL, 3.5 mmol, 3.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 48 h. Workup and purification by silica 
gel column chromatography (55 g SiO2, 2.5 x 31 cm column, EtOAc/hexane (1:9 w/ 1 % Et3N → 
1:9 → 1:3 → 1:2) then radial silica gel chromatography 2 mm Et2O/CH2Cl2 (5 %  7 % Et2O)) 
provided 1.12b (158 mg, 73%) as a colorless oil. 
Data for 1.12b: 
 1H NMR: (500 MHz, CDCl3) 
7.37 (dd, J = 8.2, 1.3 Hz, 2H, C(4’)H), 7.31 (dd, J = 8.2, 6.8 Hz, 2H, C(5’)H), 
7.23 (tt, J = 6.8, 1.3 Hz, 1H, C(6’)H), 6.59 (d, J = 15.0 Hz, 1H C(2’)H), 6.20 (dd, 
J = 15.0, 6.2 Hz, 1H, C(1’)H), 6.15 (s, 1H, C(4a)H), 5.95 (s, 1H, C(4b)H), 4.41 
(tt, J = 6.2, 3.1 Hz, 1H, C(1)H), 2.69 (ddd, J = 13.8, 4.4, 0.9 Hz, 1H, C(2a)H), 
2.59 – 2.48 (m, 2H, OH and C(2b)H), 2.37 (s, 3H, C(6)H3)  
 13C NMR: (125 MHz, CDCl3) 
201.2 C(5), 145.5 C(3), 136.8 C(3’), 131.8 C(1’), 130.2 C(2’), 128.9 C(4), 128.7 
C(5’), 127.7 C(6’), 126.6 (4’), 71.8 C(1), 39.5 C(2), 26.0 C(6) 
 IR (neat): 3410 (w), 3026 (w), 1671 (w), 1628 (w), 1600 (w), 1494 (w), 1449 (w), 1428 
(w), 1395 (w), 1366 (w), 1326 (w), 1182 (w), 1130 (w), 1098 (w), 1071 (w), 
1024 (w), 967 (m), 944 (w), 873 (w), 750 (m), 693 (m) 
 MS: (EI+, 70 eV) 216.1 (M+, 18), 198.1 (11), 155.1 (11), 134.1 (10), 133.1 (100), 
132.1 (11), 131.0 (42), 115.1 (40), 105.1 (20), 104.1 (11), 103.1 (17), 91.1 (28), 
85.1 (13), 79.1 (10), 77.1 (24), 69.0 (11), 54.9 (2), 50.7 (11) 
 TLC: Rf 0.070 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C14H16O2 (216.28):   C, 77.75; H, 7.46%.  
  Found:      C, 77.79; H, 7.33%. 
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Preparation of 5-Hydroxy-3-methylene-7-phenylheptan-2-one (1.12c) [ZM-Mar14-04] 
 
Following the General Allylation Procedure I, 1.1c (132 µL, 1.0 mmol), Ru3(CO)12 (12.8 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.11 (284.1 mg, 2.0 mmol, 
2.0 equiv), H2O (63 µL, 3.5 mmol, 3.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (49 g SiO2, 2.5 x 28 cm column, EtOAc/hexane (1:9 w/ 1 % Et3N → 
1:5 → 1:3) then radial silica gel chromatography 2 mm Et2O/CH2Cl2 (7 % Et2O)) provided 1.12c 
(152 mg, 70%) as a colorless oil. 
Data for 1.12c: 
 1H NMR: (500 MHz, CDCl3) 
7.28 (t, J = 7.6 Hz, 2H, C(5’)H), 7.24 – 7.15 (m, 3H, C(6’)H and C(4’)H), 6.13 
(s, 1H, C(4a)H), 5.91 (s, 1H, C(4b)H), 3.70 (tq, J = 8.1, 4.3 Hz, 1H, C(1)H), 2.82 
(ddd, J = 13.8, 9.0, 6.7 Hz, 1H, C(2’a)H), 2.68 (ddd, J = 13.8, 9.1, 7.1 Hz, 
1H,C(2’b)H), 2.57 (ddd, J = 13.8, 3.5, 1.0 Hz, 1H, C(2a)H), 2.42 – 2.31 (m, 5H, 
OH, C(2b)H, and C(6)H3), 1.76 (ddd, J = 10.6, 9.1, 3.5 Hz, 2H, C(1’)H2); 
 13C NMR: (125 MHz, CDCl3) 
201.3 C(5), 146.2 (3), 142.3 C(3’), 128.6 C(4), 128.5 C(4’), 128.4 C(5’), 125.9 
C(6’), 70.5 C(1), 39.5 C(2), 39.3 C(1’), 32.2 C(2’), 25.9 C(6); 
 IR (neat): 3435 (w), 3027 (w), 2926 (w), 2857 (w), 1674 (w), 1627 (w), 1603 (w), 1496 
(2), 1454 (w), 1430 (w), 1366 (w), 1324 (w), 1154 (w), 1126 (w), 1076 (w), 
1053 (w), 1030 (w), 943 (w), 866 (w), 748 (w), 601 (m), 650 (w), 565 (w); 
 MS: (EI+, 70 eV) 218.1 (M+, 5), 200.1 (39), 117.1 (35), 109.1 (15), 105.1 (11), 96.1 
(17), 95.1 (12), 91.1 (100), 85.1 (20), 84.1 (23), 79.1 (12), 77.1 (14), 69.0 (35), 
65.0 (21); 
 HRMS: (CI+, TOF) calcd for C14H18O2, 218.1307; found, 218.1305 
 TLC: Rf 0.081 (EtOAc/hexane, 1:4) [UV, KMnO4] 
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Preparation of 1,3-Diphenylbut-3-en-1-ol (1.14a) [ZM-07-14] 
 
Following the General Allylation Procedure I, 1.1a (101.9 μL, 1.0 mmol), Ru3(CO)12 (19.2 mg, 
0.03 mmol, 0.03 equiv), TBACl (25.0 mg, 0.09 mmol, 0.09 equiv), 1.13 (493.3 mg, 2.8 mmol, 
2.8 equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 48 h. Workup and purification by silica 
gel column chromatography (62 g SiO2, 3.5 x 18.5 cm column, hexane (100 %) then 
EtOAc/hexane (1:9)) provided 1.14a (166 mg, 74%) as a white solid. The spectroscopic data 
matched those from literature and was free of any major impurities.26 
Data for 1.14a: 
 1H NMR: (500 MHz, CDCl3) 
7.45 – 7.38 (m, 2H, C(4’, 8)H), 7.36 – 7.18 (m, 8H, C(2’, 3’, 6, 7), 5.37 (d, J = 
1.4 Hz, 1H, C(4a)H), 5.12 (d, J = 1.4 Hz, 1H, C(4b)H), 4.68 (ddd, J = 9.0, 4.3, 
2.3 Hz, 1H, C(1)H), 2.96 (ddd, J = 14.3, 4.3, 1.3 Hz, 1H, C(2a)H), 2.81 (ddd, J = 
14.3, 9.0, 0.9 Hz, 1H, C(2b)H), 2.06 (d, J = 2.3 Hz, 1H, OH); 
 13C NMR: (125 MHz, CDCl3) 
145.1, 144.0, 140.4, 128.6, 128.5, 127.9, 127.9, 126.4, 125.9, 115.8, 72.2, 46.1; 
 MS: (EI+, 70 eV) 224.1 (M+, 1), 207.1 (11), 206.1 (67), 205.1 (35), 204.1 (13), 203.1 
(16), 202.1 (13), 191.1 (28), 190.1 (10), 165.1 (10), 129.1 (14), 128.1 (25), 119.1 
(10), 118.1 (100), 117.1 (27), 115.1 (32), 107.0 (83), 106.0 (14), 105.0 (21), 
103.1 (17), 91.1 (41), 79.1 (51), 78.0 (20), 77.0 (58), 51.0 (18); 
 TLC: Rf 0.247 (EtOAc/hexane, 1:5) [UV, KMnO4] 
 
Preparation of (E)-1,5-Diphenylhexa-1,5-dien-3-ol (1.14b) [ZM-Mar14-01] 
 
Following the General Allylation Procedure I, 1.1b (126 μL, 1.0 mmol), Ru3(CO)12 (19.2 mg, 
0.03 mmol, 0.03 equiv), TBACl (25.0 mg, 0.09 mmol, 0.09 equiv), 1.13 (493.3 mg, 2.8 mmol, 
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2.8 equiv), H2O (63 µL, 3.5 mmol, 3.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 80 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (58 g SiO2, 3.5 x 17 cm column, Et2O/hexane (1:9 → 1:5 → 1:3 → 
1:2)) provided an inseparable mixture of 1.14b /1.14c in an 88:12 ratio (166 mg, 74%) as a 
colorless oil. The spectroscopic data for 1.14b matched those from literature when the peaks for 
1.14c were accounted for.27 
Data for 1.14b: 
 1H NMR: (500 MHz, CDCl3) 
7.48 – 7.40 (m, 2H, C(6’, 8)H), 7.41 – 7.15 (m, 10H, C(5’, 4’, 6, 7)H), 6.54 (dd, 
J = 15.9, 1.1 Hz, 1H, C(2’)H), 6.22 (ddd, J = 15.9, 6.4, 0.7 Hz, 1H, C(1’)H), 5.43 
(d, J = 1.4 Hz, 1H, C(4a)H), 5.22 (d, J = 1.2 Hz, 1H, C(4b)H), 4.36 (dddd, J = 
8.0, 6.3, 5.0, 1.2 Hz, 1H, C(1)H), 2.91 (ddd, J = 14.1, 5.0, 1.1 Hz, 1H, C(2a)H), 
2.79 (ddd, J = 14.1, 8.0, 0.9 Hz, 1H, C(2b)H), 1.87 (s, 1H, br OH); 
 13C NMR: (125 MHz, CDCl3) 
144.6, 140.3, 136.6, 131.4, 130.1, 128.4, 128.4, 127.6, 127.5, 126.3, 126.2, 115.7, 
70.5, 43.8; 
 MS: (EI+, 70 eV) 250.1 (M+, 4), 233.1 (15), 232.1 (83), 231.1 (12), 217.1 (15), 216.1 
(11), 215.1 (19), 202.1 (12), 154.1 (12), 153.1 (12), 143.1 (12), 141.1 (35), 133.1 
(74), 129.1 (11), 128.1 (25), 119.1 (11), 118.1 (55), 117.1 (31), 116.1 (11), 115.1 
(49), 105.1 (10), 103.1 (21), 92.1 (14), 91.1 (100), 78.0 (15), 77.0 (24); 
 TLC: Rf 0.213 (EtOAc/hexane, 1:5) [UV, KMnO4] 
 
Preparation of 1,5-Ddiphenylhex-5-en-3-ol (1.14c) [ZM-07-57] 
 
Following the General Allylation Procedure I, 1.1c (131.7 μL, 1.0 mmol), Ru3(CO)12 (19.2 mg, 
0.03 mmol, 0.03 equiv), TBACl (25.0 mg, 0.09 mmol, 0.09 equiv), 1.13 (422.8 mg, 2.4 mmol, 
2.4 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (64 g SiO2, 3.5 x 19 cm column, hexane (100 %) then Et2O/hexane 
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(1:9  1:4)) provided 1.14c (198 mg, 78%) as a clear, colorless oil. The spectroscopic data 
matched those from literature and was free of any major impurities.28 
Data for 1.14b: 
 1H NMR: (500 MHz, CDCl3) 
7.39 (dt, J = 8.2, 1.2 Hz, 2H, C(aryl)H), 7.33 (dd, J = 8.4, 6.4 Hz, 2H, C(aryl)H), 
7.31 – 7.24 (m, 3H, C(aryl)H), 7.20 – 7.15 (m, 3H, C(aryl)H), 5.42 (t, J = 1.1 Hz, 
1H, C(4a)H), 5.17 (t, J = 1.1 Hz, 1H, C(4b)H), 3.71 (m, 1H, C(1)H), 2.85 – 2.76 
(m, 2H, C(2’a, 2a)H), 2.66 (ddd, J = 14.1, 9.3, 6.9 Hz, 1H, C(2’b)H), 2.58 (dd, J 
= 14.1, 8.1 Hz, 1H, C(2b)H), 1.82 (dtd, J = 9.3, 6.7, 5.9, 2.7 Hz, 2H, C(1’)H2), 
1.68 (d, J = 1.6 Hz, 1H, OH); 
 13C NMR: (125 MHz, CDCl3) 
145.5, 142.2, 140.7, 128.6, 128.5, 127.9, 126.4, 125.9, 115.5, 69.2, 44.0, 38.8, 
32.2; 
 MS: (EI+, 70 eV) 252.0 (M+, 6), 234.0 (12), 147.0 (28), 119.0 (31), 118.0 (100), 117.0 
(40), 115.0 (18), 105.0 (16), 103.0 (15), 92.0 (23), 91.0 (100), 78.0 (21), 77.0 
(17), 65.0 (13); 
 TLC: Rf 0.230 (EtOAc/hexane, 1:5) [UV, KMnO4] 
 
Preparation of 3-(Diethoxymethyl)-1-phenylbut-3-en-1-ol (1.16a) [ZM-07-87] 
 
Following the General Allylation Procedure I, 1.1a (101.9 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.15 (323.8 mg, 1.6 mmol, 
1.6 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (38 g SiO2, 2.5 x 21.5 cm column, Et2O/hexane (1:9 w/ 1 % Et3N → 
1:5 → 1:3)) provided 1.16a (180 mg, 72%) as a colorless oil. 
Data for 1.16a: 
 bp: 100 °C (ABT, 10-5 mm Hg) 
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 1H NMR: (500 MHz, CDCl3) 
7.43 – 7.37 (m, 2H, C(3’)H), 7.33 (dd, J = 8.3, 6.9 Hz, 2H, C(2’)H), 7.28 – 7.21 
(m, 1H, C(4’)H), 5.26 (d, J = 1.2 Hz, 1H, C(4a)H), 5.11 (d, J = 1.2 Hz, 1H, 
C(4b)H), 4.89 – 4.84 (m, 1H, C(1)H), 4.74 (s, 1H, C(5)H), 3.78 – 3.62 (m, 3H, 
OH and C(6a)H2), 3.51 (ddq, J = 21.8, 9.4, 7.0 Hz, 2H, C(6b)H2), 2.57 (ddd, J = 
14.2, 3.4, 1.0 Hz, 1H, C(2a)H), 2.50 (ddt, J = 14.2, 9.3, 0.8 Hz, 1H, C(2b)H), 
1.26 (dt, J = 11.7, 7.0 Hz, 6H, C(7)H3 x2)  
 13C NMR: (125 MHz, CDCl3) 
144.7 C(1’), 143.4 C(3), 128.4 C(2’), 127.3 C(4’), 125.9 C(3’), 117.8 C(4), 104.7 
C(5), 73.8 C(1), 63.0 C(6a), 62.6 C(6b), 42.1 (2), 15.22 C(7a), 15.18 C(7b) 
 IR (neat): 3429 (w), 3029 (w), 2976 (w), 2878 (w), 1651 (w), 1606 (w), 1494 (w), 1453 
(w), 1393 (w), 1329 (w), 1162 (w), 1111 (w), 1053 (m), 1007 (w), 976 (w), 916 
(w), 757 (w), 699 (m) 
 MS: (ESI) 273.3 (MNa+, 4), 147.2 (14), 146.2 (32), 123.3 (11), 116.3 (16), 115.3 
(100), 107.1 (95) 
 TLC: Rf 0.239 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C15H22O3 (250.34):   C, 71.97; H, 8.86%.  
  Found:      C, 72.17; H, 8.87% 
 
Preparation of (E)-5-(Diethoxymethyl)-1-phenylhexa-1,5-dien-3-ol (1.16b) [ZM-Mar14-03] 
 
Following the General Allylation Procedure I, 1.1b (126 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.15 (323.8 mg, 1.6 mmol, 
1.6 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup entailed washing 
reaction mixture with NaHCO3 (3 x 5 mL) in a separatory funnel and extracting with Et2O (2 x 5 
mL) before drying over MgSO4 and removing solvent. The residue was then purified via silica 
gel column chromatography (42.5 g SiO2, 2.0 x 23.5 cm column, Et2O/hexane (1:9 w/ 1 % Et3N 
→ 1:6 → 1:3 → 1:1) providing a nearly inseparable mixture of 1.16b/1.16c in an 88:12 ratio 
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(203 mg, 73%) as a colorless oil. A small portion of 1.16b was successfully isolated via 
sacrificial purification (radial silica gel chromatography 2 mm, Et2O/hexane (1:2 w/ 1 % Et3N → 
1:2)) providing pure 1.16b (63 mg, 23%) with which all characterization data was obtained. 
Data for 1.16b: 
 bp: 125 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.38 (dd, J = 8.1, 1.4 Hz, 2H, C(4’)H), 7.30 (dd, J = 8.4, 6.8 Hz, 2H, C(5’)H), 
7.22 (t, J = 7.3 Hz, 1H, C(6’)H), 6.64 (dd, J = 15.9, 1.4 Hz, 1H, C(2’)H), 6.25 
(dd, J = 15.9, 6.0 Hz, 1H, C(1’)H), 5.27 (d, J = 1.8 Hz, 1H, C(4a)H), 5.17 (d, J = 
1.8 Hz, 1H, C(4b)H), 4.75 (s, 1H, C(5)H), 4.47 (dtd, J = 8.0, 5.6, 4.9, 3.1 Hz, 1H, 
C(1)H), 3.68 (ddq, J = 18.4, 9.5, 7.1 Hz, 2H, C(6a)H2), 3.52 (ddt, J = 11.3, 9.4, 
7.0 Hz, 2H, C(6b)H2), 3.46 (d, J = 3.4 Hz, 1H, OH), 2.53 (ddd, J = 14.2, 3.5, 1.1 
Hz, 1H, C(2a)H), 2.39 (ddd, J = 14.1, 8.8, 0.8 Hz, 1H, C(2b)H), 1.25 (dd, J = 7.0 
Hz, 6H, C(7)H3 x2)  
 13C NMR: (125 MHz, CDCl3) 
143.1 C(3), 137.3 C(3’), 132.4 C(1’), 129.6 C(2’), 128.6 C(5’), 127.5 C(6’), 126.6 
C(4’), 117.8 C(4), 104.7 C(5), 71.8 C(1), 62.9 C(6a), 62.7 C(6b), 40.0 C(2), 
15.21 C(7a), 15.18 C(7b) 
 IR (neat): 3423 (w), 3025 (w), 2976 (w), 2937 (w), 2877 (w), 1651 (w), 1600 (w), 1495 
(w), 1448 (w), 1393 (w), 1372 (w), 1372 (w), 1329 (w), 1160 (w), 1109 (w), 
1054 (m), 1009 (w), 966 (w), 916 (w), 748 (w), 693 (m) 
 MS: (ESI) 299.2 (MNa+, 79), 291.3 (34), 283.2 (10), 264.2 (15), 219.2 (16), 218.2 
(100), 213.1 (40), 186.1 (10), 185.1 (57), 184.1 (15), 169.1 (14), 168.1 (15), 
167.1 (73), 157.1 (13) 
 TLC: Rf 0.455 (EtOAc/hexane, 1:4) [UV, KMnO4] 
 CHN: Anal. Calcd for C17H24O3 (276.38):   C, 73.88; H, 8.75%.  
  Found:      C, 74.23; H, 8.89% 
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Preparation of 5-(Diethoxymethyl)-1-phenylhex-5-en-3-ol (1.16c) [ZM-07-45] 
 
Following the General Allylation Procedure I, 1.1c (131.7 μL, 1.0 mmol), Ru3(CO)12 (12.79 mg, 
0.02 mmol, 0.02 equiv), TBACl (16.7 mg, 0.06 mmol, 0.06 equiv), 1.15 (323.8 mg, 1.6 mmol, 
1.6 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane 
(2.5 mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica 
gel column chromatography (37 g SiO2, 2.5 x 21.5 cm column, Et2O/hexane (1:9 w/ 1 % Et3N → 
1:5 → 1:3)) provided 1.16c (221 mg, 79%) as a colorless oil. 
Data for 1.16c: 
 bp: 100 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.32 – 7.24 (m, 2H, C(aryl)H), 7.25 – 7.19 (m, 2H, C(aryl)H), 7.20 – 7.14 (m, 
1H, C(6’)H), 5.22 (d, J = 1.7 Hz, 1H, C(4a)H), 5.10 (d, J = 1.7 Hz, 1H, C(4b)H), 
4.70 (s, 1H, C(5)H), 3.77 (dddt, J = 9.2, 7.7, 4.8, 3.2 Hz, 1H, C(1)H), 3.65 (ddq, 
J = 19.6, 9.4, 7.0 Hz, 2H, C(6a)H2), 3.48 (tq, J = 9.3, 7.0 Hz, 2H, C(6b)H2), 3.22 
(d, J = 3.2 Hz, 1H, OH), 2.83 (ddd, J = 13.7, 9.8, 5.9 Hz, 1H, C(2’a)H), 2.70 
(ddd, J = 13.7, 9.7, 6.8 Hz, 1H, C(2’b)H), 2.43 – 2.32 (m, 1H, C(2a)H), 2.23 
(ddd, J = 14.1, 9.2, 0.8 Hz, 1H, C(2b)H), 1.78 (tdd, J = 9.8, 7.7, 5.2 Hz, 2H, 
C(1’)H2), 1.23 (td, J = 7.0, 5.7 Hz, 6H, C(7)H3 x2)  
 13C NMR: (125 MHz, CDCl3) 
143.7 C(3), 142.6 C(3’), 128.6 C(5’), 128.4 C(4’), 125.8 C(6’), 117.3 C(4), 104.8 
C(5), 70.4 C(1), 63.0 C(6a), 62.7 C(6b), 39.8 C(2), 39.3 C(1’), 32.4 C(2’), 15.20 
C(7a), 15.16 C(7b) 
 IR (neat): 3448 (w), 3029 (w), 2977 (w), 2930 (w), 2874 (w), 1648 (w), 1603 (w), 1496 
(w), 1454 (w), 1395 (w), 1372 (w), 1329 (w), 1111 (w), 1055 (m), 1011 (w), 916 
(w), 733 (w), 699 (m) 
 MS: (ESI) 301.4 (MNa+, 100), 187.3 (38), 119.3 (14), 105.3 (12) 
 TLC: Rf 0.227 (EtOAc/hexane, 1:4) [UV, KMnO4] 
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 CHN: Anal. Calcd for C17H26O3 (278.39):   C, 73.35; H, 9.41%.  
  Found:      C, 73.41; H, 9.48% 
 
Preparation of trans-1,2-diphenylbut-3-en-1-ol (1.18a) [ZM-Nov16-16] 
 
Following the General Allylation Procedure II, 1.1a (102 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (202 µL, 1.2 mmol, 1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (1:9 → 1:4)) provided 1.18a (191 mg, 85%) as a colorless oil. The 
spectroscopic data matched those from literature.29 
Data for 1.18a: 
 1H NMR: (500 MHz, CDCl3) 
7.25 – 7.17 (m, 5H, C(aryl)H), 7.17 – 7.12 (m, 3H, C(aryl)H), 7.08 – 7.03 (m, 
2H, C(aryl)H), 6.26 (ddd, J = 17.1, 10.3, 8.9 Hz, 1H, C(3)H), 5.28 (ddd, J = 10.2, 
1.6, 0.7 Hz, 1H, C(4)Hcis), 5.23 (ddd, J = 17.0, 1.6, 0.9 Hz, 1H, C(4)Htrans), 
4.86 (d, J = 7.7 Hz, 1H, C(1)H), 3.56 (t, J = 8.3 Hz, 1H, C(2)H), 2.51 – 2.23 (m, 
1H, br OH).; 
 13C NMR: (125 MHz, CDCl3) 
142.0, 140.7, 138.0, 128.5, 128.5, 128.0, 127.6, 126.8, 126.7, 118.6, 77.4, 59.4; 
 MS: (ESI) 247.0 (MNa+, 62), 206.9 (10< 145.8 (10), 144.8 (30), 118.9 (100), 110 
(19); 
 TLC: Rf 0.258 (Et2O/hexane, 1:4) [UV, KMnO4] 
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Preparation of trans-E-1,4-diphenylhexa-1,5-dien-3-ol (1.18b) [ZM-Dec16-12] 
 
Following the General Allylation Procedure II, 1.1b (126 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (80 g SiO2, 4.5 x 13.5 
cm column, Et2O/hexane (1:9 → 1:4 → 1:3)) provided 1.18b (228 mg, 85%) as a white solid. 
The spectroscopic data matched those from literature.30 
Data for 1.18b: 
 1H NMR: (500 MHz, CDCl3) 
7.40 – 7.30 (m, 2H, C(aryl)H), 7.30 – 7.23 (m, 6H, C(aryl)H), 7.25 – 7.18 (m, 
2H, C(aryl)H), 6.54 (dd, J = 15.9, 1.3 Hz, 1H, C(2’)H), 6.22 (ddd, J = 17.1, 10.3, 
8.8 Hz, 1H, C(3)H), 6.10 (dd, J = 15.9, 6.2 Hz, 1H, C(1’)H), 5.32 – 5.21 (m, 2H, 
C(4)H), 4.52 (ddd, J = 7.5, 4.5, 1.7 Hz, 1H, C(1)H), 3.47 (dd, J = 8.9, 7.0 Hz, 
1H, C(2)H), 2.00 (d, J = 3.4 Hz, 1H, br OH).; 
 13C NMR: (125 MHz, CDCl3) 
140.7, 137.9, 136.9, 131.2, 129.8, 128.7, 128.7, 128.6, 128.5, 127.6, 127.0, 126.6, 
118.4, 77.4, 77.4 77.2, 76.9, 75.2, 57.7; 
 MS: (ESI) 273.1 (MNa+, 100), 233.0 (9), 144.8 (20), 118.9 (47), 104.9 (11); 
 TLC: Rf 0.365 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-1,4-diphenylhex-5-en-3-ol (1.18c) [ZM-Dec16-04] 
 
Following the General Allylation Procedure II, 1.1c (132 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (202 µL, 1.2 mmol, 1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and tBuOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
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for 24 h. Workup and purification by silica gel column chromatography (80 g SiO2, 4.5 x 13.5 
cm column, Et2O/hexane (1:9 → 1:4)) provided 1.18c (197 mg, 78%) as a colorless oil. The 
spectroscopic data matched those from literature.31 
Data for 1.18c: 
 1H NMR: (500 MHz, CDCl3) 
7.37 – 7.28 (m, 2H, C(aryl)H), 7.25 – 7.19 (m, 3H, C(aryl)H), 7.19 – 7.13 (m, 
3H, C(aryl)H), 7.13 – 7.08 (m, 2H, C(aryl)H), 6.11 (ddd, J = 16.9, 10.3, 9.2 Hz, 
1H, C(3)H), 5.26 – 5.18 (m, 2H, C(4)H), 3.81 (td, J = 7.7, 3.5 Hz, 1H, C(1)H), 
3.28 (dd, J = 9.2, 7.4 Hz, 1H, C(2)H), 2.84 (ddd, J = 13.9, 9.7, 5.4 Hz, 1H, 
C(2a’)H), 2.63 (ddd, J = 13.7, 9.7, 6.9 Hz, 1H, C(2b’)H), 1.86 (s, 1H, br OH), 
1.77 – 1.59 (m, 2H, C(1’)H)  
 13C NMR: (125 MHz, CDCl3) 
142.2, 141.4, 138.4, 128.8, 128.5, 128.5, 128.4, 128.4, 128.4, 128.0, 126.8, 125.8, 
118.1, 77.4, 77.3, 77.1, 76.9, 73.3, 57.6, 36.1, 32.1. 
 MS: (ESI) 275.1 (MNa+, 100), 144.8 (17), 118.9 (43), 105.1 (13); 
 TLC: Rf 0.262 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
 
Preparation of trans- 1-(4-nitrophenyl)-2-phenylbut-3-en-1-ol (1.18d) [ZM-Dec16-03] 
 
Following the General Allylation Procedure II, 1.1d (151 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (202 µL, 1.2 mmol, 1.2 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (20% → 15% → 30%)) provided 1.18d (196 mg, 73%) as a yellow 
solid. The spectroscopic data matched those from literature. 29 
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Data for 1.18b: 
 1H NMR: (500 MHz, CDCl3) 
8.08 – 8.01 (m, 2H, C(aryl’)H), 7.32 – 7.15 (m, 5H, C(aryl)H), 7.07 – 7.01 (m, 
2H, C(aryl’)H), 6.23 (ddd, J = 17.1, 10.2, 9.1 Hz, 1H, C(3)H), 5.32 (dd, J = 10.1, 
1.4 Hz, 1H, C(4)Hcis), 5.26 (dt, J = 17.1, 1.1 Hz, 1H, C(4)Htrans), 4.93 (dd, J = 
7.9, 2.2 Hz, 1H, C(1)H), 3.48 (t, J = 8.5 Hz, 1H, C(2)H), 2.51 (d, J = 2.3 Hz, 1H, 
br OH); 
 13C NMR: (125 MHz, CDCl3) 
149.2, 147.2, 139.6, 136.9, 128.8, 128.2, 127.5, 127.2, 123.1, 119.6, 76.8, 76.5, 
59.6; 
 MS: (ESI) 292.1 (MNa+, 69), 118.9 (43), 105.1 (12); 
 TLC: Rf 0.169 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans- 1-(4-methoxyphenyl)-2-phenylbut-3-en-1-ol (1.18e) [ZM-Dec16-05] 
 
Following the General Allylation Procedure II, 1.1e (122 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (10% → 20% → 100%)) provided 1.18e (168 mg, 66%) as a yellow 
solid. The spectroscopic data matched those from literature.32 
Data for 1.18e: 
 1H NMR: (500 MHz, CDCl3) 
7.23 – 7.18 (m, 2H, C(aryl)H), 7.17 – 7.12 (m, 1H, C(aryl)H), 7.10 – 7.02 (m, 
4H, C(aryl)H & , C(aryl’)H), 6.78 – 6.71 (m, 2H, C(aryl’)H), 6.25 (ddd, J = 17.0, 
10.3, 8.9 Hz, 1H, C(3)H), 5.27 (ddd, J = 10.2, 1.7, 0.7 Hz, 1H, C(4)Hcis), 5.24 
(ddd, J = 17.1, 1.7, 0.9 Hz, 1H, C(4)Htrans), 4.81 (dd, J = 7.9, 2.2 Hz, 1H, 
C(1)H), 3.75 (s, 3H, C(5’)H3), 3.54 (t, J = 8.4 Hz, 1H, C(2)H), 2.28 (d, J = 2.4 
Hz, 1H, bt OH).; 
148 
 
 13C NMR: (125 MHz, CDCl3) 
158.9, 140.8, 138.3, 134.1, 128.4, 127.9, 126.6, 118.3, 113.4, 76.3, 76.9, 59.4, 
55.2; 
 MS: (ESI) 277.1 (MNa+, 98), 238.1 (11), 237.0 (62), 144.8 (10), 118.9 (40), 05.1 (10); 
 TLC: Rf 0.142 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans- 2,2-dimethyl-4-phenylhex-5-en-3-ol (1.18h) [ZM-Jun17-01] 
 
Following the General Allylation Procedure II, 1.1h (109 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and tBuOH (1.25 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (2% → 5% → 7.5% → 10%)) provided 1.18h (27 mg, 13%) as a 
colorless oil. The spectroscopic data matched those from literature.33 
Data for 1.18h: 
 1H NMR: (500 MHz, CDCl3) 
7.39 – 7.35 (m, 2H, C(aryl)H), 7.31 (t, J = 7.3 Hz, 2H, C(aryl)H), 7.24 – 7.19 (m, 
1H, C(aryl)H), 6.50 (d, J = 15.9 Hz, 1H, C(4)Hcis), 6.28 (ddd, J = 15.8, 8.2, 6.3 
Hz, 1H, C(4)Htrans), 3.35 (dd, J = 10.6, 2.3 Hz, 1H, C(H)1), 2.51 (ddt, J = 14.1, 
6.0, 1.7 Hz, 1H, C(2)H), 2.17 (dddd, J = 14.3, 10.5, 8.3, 1.1 Hz, 1H, C(3)H), 
1.70 – 1.62 (m, 1H, C(1)OH), 0.96 (d, J = 1.2 Hz, 9H, C(2’)H3 x 3); 
 13C NMR: (125 MHz, CDCl3) 
137.4, 132.9, 128.7, 128.2, 127.3, 126.2, 78.8, 77.4, 66.0, 35.9, 34.9, 25.9, 25.9, 
15.4; 
  MS: (ESI) 204.1 (MH+, 6), 119.7 (18), 118.1 (100), 117.1 (63), 115.1 (16), 91.1 (19), 
87.1 (46), 69.1 (26), 64.0 (11), 62 (34), 57.1 (9); 
 TLC: Rf 0.358 (Et2O/hexane, 1:4) [KMnO4] 
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Preparation of trans-2-phenyl-1-(4-(trifluoromethyl)phenyl)but-3-en-1-ol (1.18i) [ZM-
Jan17-06] 
 
Following the General Allylation Procedure II, 1.1i (137 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (1:9 → 1:4 → 1:3)) provided 1.18i (228 mg, 78%) as a colorless oil. 
The spectroscopic data matched those from literature. 29 
Data for 1.18i: 
 1H NMR: (500 MHz, CDCl3) 
7.46 (d, J = 8.2 Hz, 2H, C(aryl’)H), 7.28 – 7.21 (m, 4H, C(aryl)H), 7.21 – 7.15 
(m, 1H, C(aryl)H), 7.10 – 7.01 (m, 2H, C(aryl’)H), 6.24 (ddd, J = 17.1, 10.2, 9.0 
Hz, 1H, C(3)H), 5.30 (dd, J = 10.3, 1.5 Hz, 1H, C(4)Hcis), 5.25 (dt, J = 17.0, 1.2 
Hz, 1H, C(4)Htrans), 4.89 (dd, J = 7.6, 1.6 Hz, 1H, C(1)H), 3.51 (t, J = 8.4 Hz, 
1H, C(2)H), 2.44 (d, J = 2.4 Hz, 1H, br OH); 
 13C NMR: (125 MHz, CDCl3) 
145.9, 140.1, 137.3, 129.7 (q, J = 32.3 Hz), 128.7, 128.4, 127.1, 124.9 (q, J = 3.8 
Hz), 124.3 (q, J = 272 Hz), 119.2, 76.8, 59.5.; 
 19F NMR: (470 MHz, CDCl3) δ -62.5; 
 MS: (ESI) 315.1 (MNa+, 23), 284.3 (10), 280.1 (14), 279.1 (83), 275.0 (28), 248.0 
(12), 247.0 (90), 215.0 (30), 144.8 (15), 132.8 (10), 118.9 (100), 105.0 (35); 
 TLC: Rf 0.254 (Et2O/hexane, 1:4) [UV, KMnO4] 
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Preparation of trans-1-(4-chlorophenyl)-2-phenylbut-3-en-1-ol (1.18k) [ZM-Jan17-01] 
 
Following the General Allylation Procedure II, 1.1k (141 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (1:9 → 1:4 → 1:3)) provided 1.18k (234 mg, 90%) as a colorless oil. 
The spectroscopic data matched those from literature.29 
Data for 1.18k: 
 1H NMR: (500 MHz, CDCl3) 
7.25 – 7.19 (m, 2H, C(aryl)H), 7.19 – 7.14 (m, 3H, C(aryl)H), 7.09 – 7.00 (m, 
4H, C(aryl)H), 6.23 (ddd, J = 17.1, 10.3, 9.0 Hz, 1H, C(3)H), 5.29 (ddd, J = 10.2, 
1.5, 0.6 Hz, 1H, C(4)Hcis), 5.25 (ddd, J = 17.1, 1.6, 1.0 Hz, 1H, C(4)Htrans), 
4.81 (dd, J = 8.0, 1.7 Hz, 1H, C(1)H), 3.48 (t, J = 8.4 Hz, 1H, C(2)H), 2.35 (d, J 
= 2.3 Hz, 1H, br OH); 
 13C NMR: (125 MHz, CDCl3) 
140.4, 140.3, 137.7, 133.2, 128.6, 128.4, 128.2, 128.2, 126.9, 119.0, 76.7, 59.6; 
 MS: (ESI) 283.0 (MNa+ + 2, 17), 281.0 (MNa+, 58), 279.1 (53), 247.0 (35), 144.8 
(16), 118.9 (71), 105.0 (15); 
 TLC: Rf 0.236 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-1-(4-bromophenyl)-2-phenylbut-3-en-1-ol (1.18l) [ZM-Dec16-13] 
 
Following the General Allylation Procedure II, 1.1l (185 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
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for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (10% → 20% → 30%)) provided 1.18l (278 mg, 90%) as a white solid. 
The spectroscopic data matched those from literature. 29 
Data for 1.18l: 
 1H NMR: (500 MHz, CDCl3) 
7.38 – 7.30 (m, 2H, C(aryl’)H), 7.25 – 7.19 (m, 2H, C(aryl)H), 7.19 – 7.11 (m, 
1H, C(aryl)H), 7.07-7.02 (m, 2H, C(aryl’)H), 7.02– 6.95 (m, 2H, C(aryl’)H), 
6.22 (ddd, J = 17.1, 10.2, 9.0 Hz, 1H, C(3)H), 5.29 (ddd, J = 10.2, 1.6, 0.6 Hz, 
1H, C(4)Hcis), 5.24 (ddd, J = 17.1, 1.6, 0.9 Hz, 1H, C(4)Htrans), 4.80 (d, J = 7.9 
Hz, 1H, C(1)H), 3.47 (t, J = 8.4 Hz, 1H, C(2)H), 2.48 – 2.23 (m, 1H br OH); 
 13C NMR: (125 MHz, CDCl3) 
140.9, 140.3, 137.6, 131.1, 128.7, 128.5, 128.4, 127.0, 121.4, 119.0, 76.9, 76.7, 
59.5; 
 MS: (ESI) 328.1 (MNa+ +2, 8), 326.1 (MNa+, 10), 327.0 (47), 325.0 (65), 232.0 (21), 
287.1 (24), 285.0 (25), 279.1 (53), 247.0 (50), 207.0 (9), 170.9 (10), 138.9 (14), 
118.9 (47), 105.1 (14); 
 TLC: Rf 0.255 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-1-(naphthalen-2-yl)-2-phenylbut-3-en-1-ol (1.18m) [ZM-Jan17-07] 
 
Following the General Allylation Procedure II, 1.1m (156 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (1:20 → 1:9 → 1:4)) provided 1.18m (225 mg, 82%) as a white solid. 
The spectroscopic data matched those from literature. 32 
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Data for 1.18m: 
 1H NMR: (500 MHz, CDCl3) 
7.80 – 7.75 (m, 1H, C(aryl’)H), 7.76 – 7.72 (m, 1H, C(aryl’)H), 7.71 (d, J = 8.6 
Hz, 1H, C(aryl’)H), 7.65 – 7.59 (m, 1H, C(aryl’)H), 7.48 – 7.41 (m, 2H, 
C(aryl’)H), 7.29 (dd, J = 8.5, 1.7 Hz, 1H, C(aryl’)H), 7.22 – 7.17 (m, 2H, 
C(aryl)H), 7.16 – 7.12 (m, 1H, C(aryl)H), 7.11-7.08 (s, 1H, C(aryl)H), 6.30 (ddd, 
J = 17.1, 10.2, 8.9 Hz, 1H, C(3)H), 5.29 (ddd, J = 10.2, 1.6, 0.7 Hz, 1H, 
C(4)Hcis), 5.25 (ddd, J = 17.1, 1.6, 0.9 Hz, 1H, C(4)Htrans), 5.03 (dd, J = 7.6, 
2.4 Hz, 1H, C(1)H), 3.68 (t, J = 8.2 Hz, 1H, C(2)H), 2.42 (d, J = 2.6 Hz, 1H, br 
OH); 
 13C NMR: (125 MHz, CDCl3) 
140.7, 139.5, 137.9, 133.2, 133.0, 128.5, 128.5, 128.1, 127.7, 126.8, 126.0, 125.8, 
124.8, 118.7, 77.4, 59.1; 
 MS: (ESI) 297.1 (MNa+, 80), 144.8 (18), 118.9 (50), 105.1 (13); 
 TLC: Rf 0.254 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-1-(naphthalen-1-yl)-2-phenylbut-3-en-1-ol (1.18n) [ZM-Jan17-08] 
 
Following the General Allylation Procedure II, 1.1n (136 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (1:20 → 1:9 → 1:4) provided 1.18n (220 mg, 81%) as a white solid. 
The spectroscopic data matched those from literature.32 
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Data for 1.18b: 
 1H NMR: (500 MHz, CDCl3) 
8.14 – 8.08 (m, 1H, C(aryl’)H), 7.89 – 7.81 (m, 1H, C(aryl’)H), 7.74 (dt, J = 8.2, 
1.0 Hz, 1H, C(aryl’)H), 7.54 (dt, J = 7.2, 0.9 Hz, 1H, C(aryl’)H), 7.53 – 7.43 (m, 
2H, C(aryl’)H), 7.41 (dd, J = 8.1, 7.2 Hz, 1H, C(aryl’)H), 7.29 – 7.20 (m, 4H, 
C(aryl)H), 7.20 – 7.13 (m, 1H, C(aryl)H), 6.32 (ddd, J = 17.1, 10.3, 8.4 Hz, 1H, 
C(3)H), 5.71 (dd, J = 5.5, 3.1 Hz, 1H, C(4)Hcis), 5.21 (ddd, J = 10.3, 1.6, 0.8 Hz, 
1H, C(4)Htrans), 4.99 (ddd, J = 17.2, 1.6, 1.0 Hz, 1H, C(1)H), 3.94 (dd, J = 8.5, 
5.5 Hz, 1H, C(2)H), 2.30 (d, J = 3.2 Hz, 1H, br OH); 
 13C NMR: (125 MHz, CDCl3) 
141.8, 137.8, 136.8, 133.8, 130.6, 129.0, 128.6, 128.3, 128.2, 126.8, 126.0, 125.4, 
125.2, 124.7, 123.3, 118.7, 74.3, 56.7; 
 MS: (ESI) 297.1 (MNa+, 93), 144.8 (14), 132.9 (15), 118.9 (45), 105.1 (13); 
 TLC: Rf 0.303 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-1-(2-methoxyphenyl)-2-phenylbut-3-en-1-ol (1.18o) [ZM-Dec16-11] 
 
Following the General Allylation Procedure II, 1.1o (136 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and EtOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (1:9 → 1:4 → 1:3)) provided 1.18o (235 mg, 92%) as a colorless oil. 
The spectroscopic data matched those from literature. 32 
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Data for 1.18o: 
 1H NMR: (500 MHz, CDCl3) 
7.25 – 7.10 (m, 8H, C(aryl)H), 6.85 (td, J = 7.5, 1.1 Hz, 1H, C(aryl’)H), 6.78 (dt, 
J = 7.6, 1.1 Hz, 1H, C(aryl’)H), 6.30 (ddd, J = 17.1, 10.3, 8.5 Hz, 1H, C(3)H), 
5.20 (ddd, J = 10.3, 1.8, 0.8 Hz, 1H, C(4)Hcis), 5.14 (dd, J = 6.9, 5.8 Hz, 1H, 
C(1)H), 5.09 (ddd, J = 17.2, 1.8, 1.1 Hz, 1H, C(4)Htrans), 3.74 (s, 3H, C(5’)H3), 
2.65 (d, J = 5.9 Hz, 1H, br OH); 
 13C NMR: (125 MHz, CDCl3) 
156.5, 141.8, 138.1, 130.3, 128.4, 128.4, 128.2, 128.1, 126.4, 120.5, 117.7, 110.4, 
74.0, 56.81, 55.3; 
 MS: (ESI) 277.1 (MNa+, 68), 237.0 (100); 
 TLC: Rf 0.242 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-1-(furan-2-yl)-2-phenylbut-3-en-1-ol (1.18p) [ZM-Jan17-02] 
 
Following the General Allylation Procedure II, 1.1p (83 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and tBuOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (70 g SiO2, 3.5 x 20.5 
cm column, Et2O/hexane (5% → 7.5% → 10% → 15%)) provided 1.18p (195 mg, 91%) as a 
colorless oil. The spectroscopic data matched those from literature. 32 
Data for 1.18p: 
 1H NMR: (500 MHz, CDCl3) 
7.32 (dd, J = 1.9, 0.9 Hz, 1H, , C(4’)H), 7.27 – 7.21 (m, 2H, C(aryl)H), 7.21 – 
7.12 (m, 3H, C(aryl)H), 6.28 – 6.17 (ddd, J = 8.5, 8.5, 1.8 1H, C(3)H), 6.21 (dt, J 
= 3.2, 0.7 Hz, 1H, C(3’)H), 6.06 (dt, J = 3.2, 0.7 Hz, 1H, C(2’)H), 5.28 (ddd, J = 
10.2, 1.6, 0.9 Hz, 1H, C(4)Hcis), 5.24 (d, J = 2.6 Hz, 1H, C(4)Htrans), 4.90 (dd, 
J = 7.9, 4.0 Hz, 1H, C(1)H), 3.84 (t, J = 8.3 Hz, 1H, C(2)H), 2.27 (d, J = 4.2 Hz, 
1H, br OH); 
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 13C NMR: (125 MHz, CDCl3) 
154.3, 141.9, 140.5, 137.7, 128.6, 128.2, 126.9, 118.6, 110.2, 110.1, 107.7, 71.1, 
56.0; 
 MS: (ESI) 237.0 (MNa+, 68), 198.0 (25), 197.0 (100), 128.9 (28); 
 TLC: Rf 0.200 (Et2O/hexane, 1:4) [UV, KMnO4] 
 
Preparation of trans-2-phenyl-1-(1-tosyl-1H-pyrrol-2-yl)but-3-en-1-oll (1.18q) [ZM-Feb17-
01] 
 
Following the General Allylation Procedure II, 1.1q (249 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and tBuOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (90 g SiO2, 4.5 x 13.5 
cm column, Et2O/hexane (10% w/ 1% Et3N → 10% → 20% → 25% → 25%)) provided 1.18q 
(250 mg, 68%) as a colorless glassly oil. [Note: Compound is unstable to SiO2] 
Data for 1.18q: 
 bp: 125 °C (ABT, 10-5 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.62 (d, J = 8.4 Hz, 1H, C(6’)H), 7.28 (d, J = 8.4, 2H, C(7’)H), 7.22 (dd, J = 3.3, 
1.7 Hz, 1H, C(4’)H), 7.18 – 7.11 (m, 3H, C(aryl)H), 7.01 (dd, J = 7.7, 1.8 Hz, 
2H, C(aryl)H), 6.25 – 6.16 (ddd, J =  8.5, 8.5, 1.7, 1H, C(3)), 6.20 (dd, J = 3.3, 
1.8, 1H, C(2’)H), 6.15 (t, J = 3.4 Hz, 1H, C(3’)), 5.25 (dd, J = 7.8, 4.2 Hz, 1H, 
C(1)H), 5.16 (ddd, J = 10.2, 1.6, 0.8 Hz, 1H, C(4)Hcis), 5.04 (dt, J = 17.1, 1.4 
Hz, 1H, C(4)Htrans), 3.86 (t, J = 8.1 Hz, 1H, C(2)H), 2.58 (d, J = 4.2 Hz, 1H, br 
OH), 2.42 (s, 3H, C(9’)H3); 
 
 
156 
 
 13C NMR: (125 MHz, CDCl3) 
145.1 C(8’), 141.6 C(5), 138.2 C(3), 136.5 C(5’), 136.0 C(1’), 130.2 C(7’), 128.6 
C(aryl), 128.1 C(aryl), 126.8 C(6’), 126.6 C(aryl), 123.5 C(4’), 117.7 C(4), 114.4 
C(2’), 111.8 C(3’), 68.7 C(1), 55.0 C(2), 21.8 C(9’); 
 IR (neat): 3554 (w), 3439 (w), 3149 (w), 3063 (w), 3029 (w), 2980 (w), 2923 (w), 1597 
(w), 1494 (w), 1453 (w), 1403 (w), 1363 (w), 1307 (w), 1293 (w), 1190 (m), 
1173 (s), 1152 (m), 1090 (m), 1058 (m), 1018 (w), 1000 (w), 920 (w), 813 (w), 
781 (w), 756 (w), 723 (m), 701 (m), 674 (s), 590 (s), 544 (m); 
 MS: (ESI) 390.1 (MNa+, 6), 352.1 (13), 351.1 (40), 350.1 (100); 
 TLC: Rf 0.103 (Et2O/hexane, 1:4) [UV, KMnO4]; 
 CHN: Anal. Calcd for C21H21NO3S (367.46): C, 68.64; H, 5.76; N, 3.81%  
  Found:      C, 68.99; H, 5.59; N, 3.68% 
 
Preparation of trans-3-phenylnon-1-en-4-ol (1.18r) [ZM-May17-03] 
 
Following the General Allylation Procedure II, 1.1r (120 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and tBuOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (80 g SiO2, 4.5 x 13.5 
cm column, benzene:DCM (1:1)) and then (24 g SiO2, 2.5 x 13.5 cm column, Et2O/hexane (1% 
→ 2% → 5%)) provided 1.18r (125 mg, 57%) as a colorless oil. The spectroscopic data matched 
those from literature.34 
Data for 1.18r: 
 1H NMR: (500 MHz, CDCl3) 
7.35 – 7.29 (m, 2H, C(aryl)H), 7.25 – 7.17 (m, 3H, C(ary;)H), 6.13 (ddd, J = 
17.0, 10.3, 9.1 Hz, 1H, C(3)H), 5.26 – 5.17 (m, 2H, C(4)Hcis, C(4)Htrans), 3.79 (q, 
J = 4.0, 3.3 Hz, 1H, C(1)H), 3.25 (dd, J = 9.3, 7.0 Hz, 1H, C(2)H), 1.83 – 1.71 
(m, 1H, C(1)OH), 1.42 – 1.14 (m, 8H, C(4’)CH2, C(3’)CH2, C(2’)CH2, 
C(1’)CH2), 0.85 (t, J = 7.0 Hz, 3H, C(5’)H3); 
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 13C NMR: (125 MHz, CDCl3) 
138.5, 128.8, 128.1, 126.8, 118.0, 77.4, 74.1, 57.6, 34.5, 31.9, 25.5, 22.7, 14.2; 
 MS: (ESI) 241.1 (MNa+, 100), 202.2 (16), 201.1 (90), 159.1 (11), 145.1 (9), 131.1 
(21), 119.2 (10), 117.2 (51), 105.1 (15); 
 TLC: Rf 0.351 (Et2O/hexane, 1:4) [KMnO4] 
 
Preparation of trans-1-cyclohexyl-2-phenylbut-3-en-1-ol (1.18s) [ZM-Jan17-04] 
 
Following the General Allylation Procedure II, 1.1s (112 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), 1.17 (252 µL, 1.5 mmol, 1.5 equiv), H2O (27 µL, 1.5 mmol, 1.5 equiv), Et3N 
(14 µL, 0.1 mmol, 0.1 equiv), and tBuOH (2.5 mL) were combined under 40 psi of CO at 85 °C 
for 24 h. Workup and purification by silica gel column chromatography (80 g SiO2, 4.5 x 13.5 
cm column, benzene:DCM (1:1)) and then (24 g SiO2, 2.5 x 13.5 cm column, Et2O/hexane (1% 
→ 2% → 4%)) provided 1.18s (36 mg, 16%) as a colorless oil. The spectroscopic data matched 
those from literature. 29 
Data for 1.18a: 
 1H NMR: (500 MHz, CDCl3) 
7.35 – 7.28 (m, 2H, C(aryl)H), 7.25 – 7.19 (m, 3H, C(aryl)H), 6.14 (ddd, J = 
17.1, 10.2, 9.1 Hz, 1H, C(3)H), 5.26 – 5.14 (m, 2H, C(4)Hcis, C(4)Htrans, 3.57 
(ddd, J = 7.1, 4.0, 2.7 Hz, 1H, C(1)H), 3.46 – 3.43 (m, 1H, C(2)H), 1.92 – 1.77 
(m, 1H, C(1’)H), 1.75 – 1.68 (m, 2H, C(cyclohex)H), 1.65 (d, J = 3.4 Hz, 1H, 
C(1)OH), 1.63 – 1.56 (m, 2H, C(cyclohex)H), 1.28 – 1.23 (m, 2H, 
C(cyclohex)H), 1.17 – 1.03 (m, 4H, C(cyclohex)H); 
 13C NMR: (125 MHz, CDCl3) 
142.2, 138.6, 128.9, 128.1, 126.7, 117.8, 78.2, 77.4, 53.8, 39.7, 30.4, 26.7, 26.6, 
26.5, 26.1; 
 MS: (ESI) 253.1 (MNa+, 100), 213.1 (17), 117.2 (18); 
 TLC: Rf 0.352 (Et2O/hexane, 1:4) [KMnO4] 
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Preparation of (E)-5-phenylpent-2-ene-1,5-diol (1.21a) [ZM-Mar16-09] 
 
Following the General Allylation Procedure II, 1.1a (102 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21a (150 mg, 88%) as a white solid as just the E-isomer. The spectroscopic 
data matched those from literature.35 
Data for 1.21a: 
 1H NMR: (500 MHz, CDCl3) 
7.31 – 7.26 (m, 3H, C(aryl’)H), 7.24 – 7.14 (m, 2H, C(aryl’)H), 5.78 – 5.48 (m, 
2H, C(4)H, C(3)H), 4.64 (dd, J = 7.4, 5.5 Hz, 1H, C(1)H), 3.99 (d, J = 4.7 Hz, 
1H, C(5)H), 2.61 – 2.48 (m, 1H, br C(1)OH)), 2.48 – 2.37 (m, 1H, C(2)H), 2.14 
(s, 1H, br C(5)OH); 
 13C NMR: (125 MHz, CDCl3) 
144.0, 132.8, 128.5, 128.5, 127.7, 125.9, 73.6, 63.4, 42.2; 
 MS: (ESI) 201.0 (MNa+, 100), 193.0 (1), 143.9 (1), 142.9 (82); 
 TLC: Rf 0.241 (Et2O/DCM, 4:1) [UV, KMnO4] 
 
Preparation of (2E,6E)-7-phenylhepta-2,6-diene-1,5-diol (1.21b) [ZM-Jun17-03] 
 
Following the General Allylation Procedure II, 1.1a (126 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21a (175 mg, 87%) as a colorless oil with an E/Z ratio of 20:1. An 
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analytically pure sample was prepared via distillatlion. 
Data for 1.21b:  
 bp: 110 °C (ABT, 10-5 mm Hg); 
 1H NMR: (500 MHz, CDCl3) 
7.39 – 7.36 (m, 2H, C(aryl’)H), 7.34 – 7.29 (m, 2H, C(aryl’)H), 7.25 – 7.22 (m, 
1H, C(aryl’)H), 6.60 (dd, J = 15.7, 1.1 Hz, 1H, C(2’)H), 6.24 (dd, J = 15.9, 6.4 
Hz, 1H, C(1’)H), 5.91 – 5.67 (m, 2H, C(4)H, C(3)H), 4.36 (d, J = 6.3 Hz, 1H, 
C(1)H), 4.19 – 4.10 (m, 2H, C(5)H2), 2.53 – 2.25 (m, 2H, C(2)H2), 2.03 (s, 1H, 
br C(1)OH), 1.68 (d, J = 7.2 Hz, 1H, C(5)OH); 
 13C NMR: (125 MHz, CDCl3) 
136.6 C(3’), 133.0 C(4), 131.6 C(1’), 130.6 C(2’), 128.7 C(aryl’), 128.0 C(3), 
127.9 C(aryl’), 126.6 C(aryl’), 72.1 C(1), 63.6 C(5), 40.5 C(2); 
 IR (neat): 3326 (m), 3082 (w), 3058 (w), 3026 (w), 2923 (w), 2867 (w), 1670 (w), 1578 
(w), 1599 (w), 1494 (w), 1449 (w), 1332 (w), 1089 (w), 1071 (w), 999 (m), 967 
(s), 749 (m), 693 (s); 
 MS: (ESI) 227.1 (MNa+, 100); 
 TLC: Rf 0.228 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C13H16O2 (204.27):   C, 76.44; H, 7.90%.  
Found:      C, 76.20; H, 7.81% 
 
Preparation of (E)-7-phenylhept-2-ene-1,5-diol (1.21c) [ZM-Mar16-10] 
 
Following the General Allylation Procedure II, 1.1c (132 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21c (183 mg, 90%) as a colorless oil with an E/Z ratio of 6:1. The 
spectroscopic data matched those from literature.36 
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Data for 1.21c: 
 1H NMR: (500 MHz, CDCl3) 
7.31 – 7.26 (m, 2H, C(aryl)H), 7.22 – 7.17 (m, 3H, C(aryl)H), 5.82 – 5.65 (m, 
2H, C(3)H, C(4)H), 4.15 – 4.09 (m, 2H, C(5)H2), 3.71 – 3.64 (m, 1H, C(1)H), 
2.80 (dt, J = 13.6, 8.0 Hz, 1H, C(1’)Ha), 2.68 (dt, J = 13.7, 8.1 Hz, 1H, C(1’)Hb), 
2.37 – 2.24 (m, 1H, C(2’)Ha), 2.25 – 2.13 (m, 1H C(2’)Ha), 2.08 – 1.90 (m, 2H, 
br C(1)OH, br C(5)OH), 1.84 – 1.73 (m, 2H, C(2)H2);  
 13C NMR: (125 MHz, CDCl3) 
142.1, 132.7, 128.6, 128.6, 128.5, 126.0, 70.4, 63.5, 40.5, 38.7, 32.1; 
 MS: (ESI) 229.0 (MNa+, 100), 144.8 (18), 132.8 (10), 118.9 (69), 102.5 (14); 
 TLC: Rf 0.253 (Et2O/DCM, 4:1) [UV, KMnO4] 
 
Preparation of (E)-5-(4-nitrophenyl)pent-2-ene-1,5-diol (1.21d) [ZM-Mar16-12] 
 
Following the General Allylation Procedure II, 1.1a (151 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21d (190 mg, 85%) as a yellow solid with an E/Z ratio of greater than 
100:1. An analytically pure sample was prepared via recrystallization from hexanes. 
Data for 1.21d:  
 mp: 100-102 °C; 
 1H NMR: (500 MHz, CDCl3) 
8.21 (dd, J = 8.6, 5.1 Hz, 2H, C(3’)H), 7.53 (dd, J = 8.9, 0.7 Hz, 1H, C(2’)H), 
5.79 (dtt, J = 15.4, 5.2, 1.1 Hz, 1H, C(4)H), 5.70 (dddt, J = 15.2, 7.6, 6.3, 1.3 Hz, 
1H, C(3)H), 4.87 (dt, J = 7.9, 3.8 Hz, 1H, C(1)H), 4.14 (td, J = 5.2, 1.6 Hz, 2H, 
C(5)CH2), 2.59 – 2.52 (m, 1H, C(2)Ha), 2.46 (dddd, J = 14.2, 8.4, 7.5, 0.9 Hz, 
1H, C(2)Hb), 2.30 (d, J = 3.4 Hz, 1H, br C(1)OH), 1.46 (t, J = 5.5 Hz, 1H, br 
C(5)OH);  
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 13C NMR: (125 MHz, CDCl3) 
151.2 C(4’), 147.5 C(1’), 134.1 C(4), 126.8 C(3), 126.7 C(3’), 123.8 C(2’), 72.6 
C(1), 63.3 C(5), 42.5 C(2); 
 IR (neat): 3331 (w), 2920 (w) 2854 (w), 1672 (w), 1599 (w), 1515 (s), 1428 (w), 1344 (s), 
1201 (w), 1107 (w), 1048 (m), 995 (m), 973 (m), 882 (w), 854 (m), 750 (m), 700 
(m), 530 (m) 
 MS: (ESI) 246.0 (MNa+, 100), 144.8 (15), 132.8 (10), 118.9 (90), 102.5 (20) 
 TLC: Rf 0.178 (Et2O/DCM, 4:1) [UV, KMnO4] 
CHN: Anal. Calcd for C11H13NO4 (223.23):  C, 59.19; H, 5.87; N, 6.27%.  
Found:      C, 58.96; H, 5.67; N, 6.21% 
 
Preparation of (E)-5-(4-methoxyphenyl)pent-2-ene-1,5-diol (1.18e) [ZM-Mar17-06] 
 
Following the General Allylation Procedure II, 1.1e (122 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21e (110 mg, 53%) as a yellow oil with an E/Z ratio of 4:1. An analytically 
pure sample was prepared via distillation. 
Data for 1.21e:  
 bp: 110 °C (ABT, 10-8 mm Hg) 
 1H NMR: (500 MHz, CDCl3) 
7.27 (d, J = 8.4 Hz, 2H, C(2’)H), 6.88 (dd, J = 8.1, 4.2 Hz, 2H, C(3’)H), 5.82 – 
5.73 (m, 1H, C(4)H), 5.69 (dddt, J = 15.4, 7.3, 6.6, 1.0 Hz, 1H, C(3)H), 4.69 (dd, 
J = 7.2, 6.2 Hz, 1H, C(1)H), 4.10 (d, J = 5.3 Hz, 2H, C(5)H2), 3.81 (s, 3H, 
C(5’)H3), 2.54 – 2.42 (m, 2H, C(2)H2), 2.02 (s, 1H, C(1)OH), 1.47 (s, 1H, 
C(5)OH); 
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 13C NMR: (125 MHz, CDCl3) 
159.2 C(4’), 136.2 C(1’), 132.7 C(1), 128.6 C(3), 127.1 C(2’), 114.0 C(3’), 73.4 
C(1), 63.6 C(5), 55.4 C(5’), 42.2 C(2); 
 IR (neat): 3350 (w), 3003 (w), 2926 (w), 2838 (w), 1670 (w), 1612 (w), 1586 (w), 1512 (s), 
1463.10 (w), 1442 (w), 1424 (w), 1303 (w), 1246 (s), 1176 (m), 1091 (w), 1033 
(m), 1002 (m), 973 (m), 879 (w), 833 (m), 586 (w), 555 (w); 
 MS: (ESI) 231.0 (MNa+, 100), 191.0 (23), 172.9 (83), 146.9 (20), 120.9 (11), 106.9 
(18); 
 TLC: Rf 0.211 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C12H16O3 (208.26):   C, 69.21; H, 7.74%.  
Found:      C, 68.47; H, 7.63% 
 
Preparation of (E,Z)-6,6-dimethylhept-2-ene-1,5-diol (1.21h) [ZM-Mar17-07] 
 
Following the General Allylation Procedure II, 1.1h (109 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (1.25 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided E-1.21h (19 mg, 22%) as a colorless oil and Z-1.21h (58 mg, 37%) as a 
colorless oil. The spectroscopic data for Z-1.21h matched those from literature.37 
Data for E-1.21h:  
 1H NMR: (500 MHz, CDCl3) 
(ddd, J = 4.3, 2.8, 1.1 Hz, 2H, C(3)H, C(4)H), 4.18 – 4.03 (m, 2H, C(5)H2), 3.25 
(dd, J = 10.6, 2.2 Hz, 1H, C(1)OH), 2.36 – 2.30 (m, 1H, C(2)Ha), 1.99 (dddd, J = 
14.1, 10.7, 4.7, 2.4 Hz, 1H, C(2)Hb), 1.93 – 1.79 (m, 2H, br C(1)OH, br 
C(5)OH), 0.91 (s, 9H. C(2’)H3 x3); 
 13C NMR: (125 MHz, CDCl3) 
132.1 C(4), 130.7 C(3), 78.8 C(1), 63.6 C(5), 34.9 C(2), 34.9 C(1’), 25.9 C(2’); 
 
163 
 
 IR (neat): 3342 (s), 2955 (s), 2916 (m), 2870 (m), 1671 (w), 1479 (w), 1467 (m), 1430 (m), 
1394 (m), 1364 (m), 1315 (w), 1230 (w), 1178 (w), 1070 (m), 1008 (s), 971 (s), 
869 (w), 621 (w); 
 MS: (ESI) 181.1 (MNa+, 100), 173.2 (13), 159.1 (10), 123.1 (7); 
 HRMS: (ESI, TOF) calcd for C9H18O2Na, 181.1204; found, 181.1198; 
 TLC: Rf 0.309 (Et2O/DCM, 4:1) [KMnO4] 
 
Data for Z-1.21h:  
 1H NMR: (500 MHz, CDCl3) 
5.98 – 5.83 (m, 1H, C(4)H), 5.75 – 5.63 (m, 1H, C(5)H), 4.25 (dddd, J = 12.4, 
7.5, 1.5, 0.7 Hz, 1H, C(5)Ha), 4.05 (dd, J = 12.3, 6.7 Hz, 1H), C(5)Hb, 3.23 (dd, J 
= 10.2, 2.5 Hz, 1H, C(1)H), 2.32 – 2.16 (m, 2H, C(2)H2), 2.09 (s, 2H, br 
C(1)OH, br C(5)OH), 0.94 (s, 9H, C(2’)H3 x 3); 
 13C NMR: (125 MHz, CDCl3) 
131.6, 131.2, 78.5, 77.4, 66.0, 57.8, 35.1, 29.8, 25.8, 15.4; 
 MS: (ESI) 181.1 (MNa+, 100), 123.2 (6); 
 TLC: Rf 0.429 (EtOAc/hexane, 1:4) [KMnO4] 
 
Preparation of (E)-5-(4-(trifluoromethyl)phenyl)pent-2-ene-1,5-diol (1.21i) [ZM-Jan17-13] 
 
Following the General Allylation Procedure II, 1.1i (137 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) and then subsequent recrytallzation from hexanes provided 1.21i (217 mg, 88%) as a 
white solid with an E/Z ratio of 6:1. 
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Data for 1.21i:  
 mp: 42-44 °C; 
 1H NMR: (500 MHz, CDCl3) 
7.63 – 7.59 (m, 2H, C(3’)H), 7.47 (dq, J = 7.8, 0.9 Hz, 2H, C(2’)H), 5.79 (dtt, J 
= 15.4, 5.3, 1.1 Hz, 1H, C(4)H), 5.69 (dddt, J = 15.3, 7.8, 6.5, 1.3 Hz, 1H, 
C(3)H), 4.81 (ddd, J = 7.7, 4.7, 2.3 Hz, 1H, C(1)H), 4.12 (dd, J = 5.3, 2.5 Hz, 
2H, C(5)H2), 2.57 – 2.49 (m, 1H, C(2)Ha), 2.49 – 2.43 (m, 1H, C(2)Hb), 2.28 (d, 
J = 3.3 Hz, 1H, br C(1)OH), 1.53 (s, 1H, br C(5)OH); 
 13C NMR: (125 MHz, CDCl3) 
147.9 C(1’), 133.6 C(4), 129.9 (q, J = 32.3 Hz, C(4’)), 127.5 C(3), 126.2 C(2’), 
125.5 (q, J = 3.8 Hz, C(3’) x2), 124.3 (q, J = 272.3 Hz, C(5’)), 73.0 C(1), 63.4 
C(5), 42.4 C(2); 
 19F NMR: (470 MHz, CDCl3) δ -62.5; 
 IR (neat): 3547 (w), 3368 (w), 2924 (w), 2868 (w), 1596 (w), 1477 (w), 1402 (w), 1363 
(w), 1308 (w), 1236 (w), 1190 (m), 1173 (s), 1150 (m), 1133 (m), 1089 (m), 
1056 (w), 972 (w); 
 MS: (ESI) 26.91 (MNa+, 12), 229.0 (40), 223.1 (16), 211.1 (100), 207.1 (35), 189.1 
(29), 165.1 (15); 
 TLC: Rf 0.258 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C12H13F3O2 (246.23): C, 58.54; H, 5.32%.  
Found:      C, 58.21; H, 5.13% 
 
Preparation of (E)-5-(4-chlorophenyl)pent-2-ene-1,5-diol (1.21k) [ZM-Jan17-11] 
 
Following the General Allylation Procedure II, 1.1k (141 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) and then subsequent distillation provided 1.21k (176 mg, 83%) as a colorless oil with 
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an E/Z ratio of 14:1. 
Data for 1.21k:  
 bp: 120 °C (ABT, 0.05 mm Hg); 
 1H NMR: (500 MHz, CDCl3) 
7.31 (dd, J = 6.5, 2.2 Hz, 2H, C(3’)H), 7.28 (dd, J = 6.2, 2.2 Hz, 2H, C(2’)H), 
5.80 – 5.71 (m, 1H, C(4)H), 5.71 – 5.59 (m, 1H, C(3)H), 4.70 (dd, J = 7.7, 5.1 
Hz, 1H, C(1)H), 4.09 (dd, J = 5.6, 1.3 Hz, 2H, C(5)H2), 2.55 – 2.31 (m, 2H, 
C(2)H2), 1.99 – 1.66 (m, 2H, br C(1)OH, br C(5)OH); 
 13C NMR: (125 MHz, CDCl3) 
142.5 C(4’), 133.3 C(1’), 133.2 C(4), 128.7 C(3’), 127.9 C(3), 127.3 C(2’), 72.9 
C(1), 63.4 C(5), 42.3 C(2); 
 IR (neat): 3325 (m), 3029 (w), 2923 (w), 2868 (w), 1671 (w), 1597 (w), 1490 (m), 1408 
(m), 1321 (w), 1199 (w), 1089 (s), 1046 (m), 1012 (s), 970 (s), 913 (w), 877 (w), 
826 (s), 785 (m), 720 (m), 598 (m), 547 (s); 
 MS: (ESI) 237.0 (MNa+ +2, 25), 235.0 (MNa+, 65), 195.1 (10), 179.1 (35), 178.1 
(11), 177.1 (100), 153.1 (15), 151.1 (57), 125.1 (10); 
 TLC: Rf 0.306 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C11H13O2Cl (212.67):  C, 62.12; H, 6.16%.  
Found:      C, 61.91; H, 6.17% 
 
Preparation of (E)-5-(4-bromophenyl)pent-2-ene-1,5-diol (1.21l) [ZM-Jan17-12] 
 
Following the General Allylation Procedure II, 1.1l (185 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4f:1 → 5% 
MeOH in Et2O)) and then subsequent distillation provided 1.21l (220 mg, 85%) as a colorless oil 
with an E/Z ratio of 18:1. 
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Data for 1.21l:  
 bp: 130 °C (ABT, 0.05 mm Hg); 
 1H NMR: (500 MHz, CDCl3) 
(dd, J = 6.7, 1.8 Hz, 2H, C(3’)H), 7.21 (dd, J = 6.7, 1.7 Hz, 2H, C(2’)H), 5.79 – 
5.71 (m, 1H, C(4)H), 5.66 (dddt, J = 15.3, 7.7, 6.6, 1.3 Hz, 1H, C(3)H), 4.69 (dd, 
J = 7.8, 5.1 Hz, 1H, C(1)H), 4.09 (dd, J = 5.7, 1.5 Hz, 2H, C(5)H2), 2.51 – 2.34 
(m, 2H, C(2)H2), 1.95 – 1.79 (m, 1H, br C(1)OH), 1.80 – 1.75 (m, 1H, br 
C(5)OH); 
 13C NMR: (125 MHz, CDCl3) 
143.0 C(4’), 133.2 C(4), 131.6 C(3’), 127.9 C(3), 127.7 C(2’), 121.4 C(1’), 73.0 
C(1), 63.4 C(5), 42.3 C(2); 
 IR (neat): 3340 (m), 2925 (w), 2869 (w), 1671 (w), 1592 (w), 1487 (m), 1404 (m), 1323 
(w), 1227 (w), 1199 (w), 1176 (w)1071 (m), 1050 (m), 1009 (s), 972 (m), 914 
(w), 878 (w), 824 (m),784 (w), 718 (w), 546 (m); 
 MS: (ESI) 282.9 (MNa+ +2, 41), 280.9 (MNa+, 41), 146.8 (9), 144.8 (24), 118.9 
(100), 112.5 (25); 
 TLC: Rf 0.301 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C11H13O2Br (257.13):  C, 51.38; H, 5.10%.  
Found:      C, 51.07; H, 4.81% 
 
Preparation of (E)-5-(naphthalen-2-yl)pent-2-ene-1,5-diol (1.21m) [ZM-May17-01] 
 
Following the General Allylation Procedure II, 1.1m (156 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) and then subsequent recrytallzation from hexanes provided 1.21m (220 mg, 95%) as a 
white solid with an E/Z ratio of greater than 100:1. 
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Data for 1.21m:  
 mp: 72-78 °C; 
 1H NMR: (500 MHz, CDCl3) 
7.86 – 7.80 (m, 3H, C(aryl’)H), 7.79 (d, J = 1.5 Hz, 1H, C(2’)H), 7.51 – 7.44 (m, 
3H, C(aryl’)H), 5.85 – 5.68 (m, 2H, C(4)H, C(3)H), 4.90 (td, J = 6.5, 5.6, 2.1 Hz, 
1H, C(1)H), 4.10 (t, J = 4.5 Hz, 2H, C(5)H2), 2.63 – 2.50 (m, 2H, C(2)H2), 2.35 
– 2.28 (m, 1H, br C(1)OH), 1.61 (d, J = 4.8 Hz, 1H, br C(5)OH);  
 13C NMR: (125 MHz, CDCl3) 
141.4 C(1’), 133.4 C(quat, aryl’), 133.1 C(quat, aryl’), 133.0 C(4), 128.4 C(aryl’), 
128.3 C(3), 128.1 C(aryl’), 127.8 C(aryl’), 126.3 C(aryl’), 126.0 C(aryl’), 124.6 
C(2’), 124.1 C(), 73.8 C(1), 63.5 C(5), 42.2 C(2); 
 IR (neat): 3325 (m), 3054 (w), 2904 (w), 2867 (w), 1671 (w), 1634 (w), 1601 (w), 1508 
(w), 1424 (w), 1365 (w), 1319 (w), 1271 (w), 1168 (w), 1123 (w), 1085 (m), 
1047 (m), 1001 (s), 971 (s), 895 (m), 858 (s), 820 (s), 748 (s), 707 (w), 660 (w), 
625 (w), 478 (s); 
 MS: (ESI) 251.1 (MNa+, 8), 194.1 (19), 193.1 (100); 
 TLC: Rf 0.283 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C15H16O2 (228.29):   C, 78.92; H, 7.06%.  
Found:      C, 78.76; H, 7.05% 
 
Preparation of (E)-5-(naphthalen-1-yl)pent-2-ene-1,5-diol (1.21n) [ZM-Apr17-09] 
 
Following the General Allylation Procedure II, 1.1n (136 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) and then subsequent recrytallzation from hexanes provided 1.21n (210 mg, 92%) as a 
white solid with an E/Z ratio of greater than 100:1. 
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Data for 1.21n:  
 mp: 70-72 °C 
 1H NMR: (500 MHz, CDCl3) 
8.06 (dd, J = 7.4, 1.1 Hz, 1H, C(10’)H), 7.88 (dd, J = 7.5, 2.1 Hz, 1H, 
C(aryl’)H), 7.78 (dt, J = 8.2, 1.0 Hz, 1H, C(aryl’)H), 7.65 (dt, J = 7.3, 0.9 Hz, 
1H, C(aryl’)H), 7.56 – 7.44 (m, 3H, C(aryl’)H), 5.84 – 5.80 (m, 2H, C(4)H, 
C(3)H), 5.53 (dt, J = 7.8, 3.6 Hz, 1H, C(1)H), 4.12 (t, J = 4.7 Hz, 2H, C(5)H2), 
2.81 – 2.68 (m, 1H, C(2)Ha), 2.65 – 2.56 (m, 1H, C(2)Hb), 2.33 (d, J = 3.3 Hz, 
1H, br C(1)OH), 1.63 (d, J = 5.8 Hz, 1H, br C(5)OH);  
 13C NMR: (125 MHz, CDCl3) 
139.6 C(1’), 133.9 C(aryl’), 132.8 C(4), 130.4 C(aryl’), 129.1 C(aryl’), 128.8 
C(3), 128.2 C(aryl’), 126.2 C(aryl’), 125.7 C(aryl’), 125.6 C(aryl’), 123.0 
C(10’), 122.9 C(), 70.4 C(1), 63.6 C(5), 41.3 C(2); 
 IR (neat): 3341 (m), 3049 (w), 2915 (w), 2868 (w), 1670 (w), 1597 (w), 1511 (w), 1427 
(w), 1395 (w), 1330 (w) 1228 (w), 1165 (w), 1084 (w), 1056 (w), 998 (m), 970 
(m), 801 (m), 778 (s), 737 (w), 631 (w), 573 (w); 
 MS: (ESI) 251.1 (MNa+, 8), 194.1 (25), 193.1 (100); 
 TLC: Rf 0.305 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C15H16O2 (228.29):   C, 78.92; H, 7.06%.  
Found:      C, 78.58; H, 7.05% 
 
Preparation of (E)-5-(2-methoxyphenyl)pent-2-ene-1,5-diol (1.21o) [ZM-Jan17-16] 
 
Following the General Allylation Procedure II, 1.1o (136 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21o (183 mg, 88%) as a slightly yellow solid after a subsequent distillation 
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with an E/Z ratio of 17:1. 
Data for 1.21o:  
 bp: 125 °C (ABT, 0.05 mm Hg); 
 mp: 70-72 °C; 
 1H NMR: (500 MHz, CDCl3) 
7.32 (dd, J = 7.5, 1.7 Hz, 1H, C(aryl’)H), 7.28 – 7.21 (m, 1H, C(aryl’)H), 6.96 
(td, J = 7.5, 1.1 Hz, 1H, C(aryl’)H), 6.87 (dd, J = 8.2, 1.0 Hz, 1H, C(aryl’)H), 
5.74 (ddd, J = 4.7, 3.1, 1.8 Hz, 2H, C(4)H, C(3)H), 5.00 – 4.91 (m, 1H, C(1)H), 
4.16 – 4.04 (m, 2H, C(5)H2), 3.84 (s, 3H, C(7’)), 2.76 (s, 1H, br C(1)OH), 2.67 – 
2.42 (m, 2H, C(2)H2), 1.92 – 1.80 (m, 1H, br C(5)OH);  
 13C NMR: (125 MHz, CDCl3) 
156.4 C(aryl’), 132.2 C(4), 131.9 C(1’), 129.4 C(3), 128.5 C(aryl’), 126.9 
C(aryl’), 120.8 C(aryl’), 110.6 C(3’), 70.0 C(1), 63.7 C(5), 55.4 C(7’), 40.3 C(2); 
 IR (neat): 3292 (m), 3200 (w), 2958 (w), 2928 (w), 2904 (w), 2837 (w), 1669 (w), 1600 
(m), 1587 (w), 1488 (m), 1462 (m),1438 (m), 1420 (m), 1359 (m), 1312 (w), 
1278 (m), 1236 (s), 1177 (w), 1107 (w), 1080 (m), 1060 (m), 1047 (m), 1016 (s), 
969 (s), 884  (m), 836 (w), 746 (s), 733 (s), 628 (m), 583 (m), 515 (m), 469 (m); 
 MS: (ESI) 231.1 (MNa+, 30), 191.1 (30), 174.1 (11), 173.1 (100), 147.1 (35), 121.2 
(23); 
 TLC: Rf 0.301 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C12H16O3 (208.26):   C, 69.21; H, 7.74%.  
Found:      C, 68.85; H, 7.70% 
 
Preparation of (E)-5-(furan-2-yl)pent-2-ene-1,5-diol (1.21p) [ZM-Jan17-14] 
 
Following the General Allylation Procedure II, 1.1p (83 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
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in Et2O)) provided 1.21p (150 mg, 75%) as a colorless oil with an E/Z ratio of 5.5:1. 
Data for 1.21p:  
 bp: 100 °C (ABT, 0.05 mm Hg); 
 1H NMR: (500 MHz, CDCl3) 
7.38 (dd, J = 1.9, 0.8 Hz, 1H, C(4’)H), 6.36 – 6.32 (m, 1H, C(3’)H), 6.25 (tt, J = 
3.3, 0.8 Hz, 1H, C(2’)H), 5.80 (dtt, J = 15.4, 5.4, 1.1 Hz, 1H, C(4)H), 5.70 (dtt, J 
= 15.3, 7.0, 1.3 Hz, 1H, C(3)H), 4.75 (dd, J = 7.4, 5.7 Hz, 1H, C(1)H), 4.11 (dd, 
J = 5.6, 1.1 Hz, 2H, C(5)H2), 2.63 (dddd, J = 7.2, 5.0, 3.0, 1.1 Hz, 2H, C(2)H2), 
2.15 (d, J = 17.0 Hz, 1H, br C(1)OH), 1.57 (s, 1H, br C(5)OH);  
 13C NMR: (125 MHz, CDCl3) 
156.1 C(1’), 142.2 C(4’), 133.1 C(4), 127.6 C(3), 110.3 C(3’), 106.3 C(2’), 67.3 
C(1), 63.5 C(5), 38.6 C(2); 
 IR (neat): 3325 (m), 2913 (w), 2869 (w), 1672 (w), 1505 (w), 1424 (m), 1385 (w), 1337 
(w), 1225 (w), 1174 (w), 1146 (w), 1087 (m), 1046 (m), 1003 (s), 970 (s), 919 
(w), 884 (m), 870 (m), 811 (m), 735 (s), 643 (m), 598 (s); 
 MS: (ESI) 191.1 (MNa+, 60), 151.1 (15), 134.2 (10), 133.2 (100), 107.2 (32), 102.5 
(11); 
 TLC: Rf 0.301 (Et2O/DCM, 4:1) [KMnO4]; 
CHN: Anal. Calcd for C9H12O3 (168.19):   C, 64.27; H, 7.19%.  
Found:      C, 63.40; H, 7.30% 
  
Preparation of (E)-5-(1-tosyl-1H-pyrrol-2-yl)pent-2-ene-1,5-diol (1.21q) [ZM-Jan17-21] 
 
Following the General Allylation Procedure II, 1.1q (250 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
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in Et2O)) provided 1.21q (290 mg, 90%) as a white solid after recrystallization from hexanes 
with an E/Z ratio of 16:1.  
Data for 1.21q:  
 mp: 80-82 °C; 
 1H NMR: (500 MHz, CDCl3) 
7.72 – 7.62 (m, 2H, C(6’)H), 7.30 – 7.27 (m, 2H, , C(7’)H), 7.27 (d, J = 0.9 Hz, 
1H, C(4’)H), 6.29 (ddd, J = 3.5, 1.7, 0.7 Hz, 1H, C(3’)H), 6.25 (t, J = 3.4 Hz, 
1H, C(2’)H), 5.73 – 5.62 (m, 2H, C(4)H, C(3)H), 4.93 (td, J = 6.7, 4.1 Hz, 1H, 
C(1)H), 4.05 (t, J = 4.7 Hz, 2H, C(5)H2), 2.82 (d, J = 4.2 Hz, 1H, br C(1)OH), 
2.57 (ddd, J = 6.6, 4.1, 1.2 Hz, 2H, C(2)H2), 2.40 (s, 3H, C(9’)H3), 1.52 – 1.45 
(m, 1H, br C(5)OH); 
 13C NMR: (125 MHz, CDCl3) 
145.3 C(8’), 137.5 C(1’), 136.4 C(5’), 132.3 C(4), 130.2 C(6’), 128.4 C(3), 126.8 
C(7’), 123.7 C(4’), 112.8 C(3’), 111.8 C(2’), 65.3 C(1), 63.6 C(5), 38.4 C(2), 
21.7 C(9’); 
 IR (neat): 3547 (w), 3368 (w), 2924 (w), 2868 (w), 1596 (w), 1477 (w), 1402 (w), 1363 
(m), 1308 (w), 1294 (w), 1236 (w), 1190 (m), 1173 (s), 1150 (m), 1133 (m), 
1089 (m), 1056 (m), 1015 (w), 972 (w), 814 (w), 724 (w), 703 (w), 673 (s), 590 
(s), 543 (m); 
 MS: (ESI) 344.1 (MNa+, 13), 339.1 (16), 306.1 (15), 305.1 (40), 304.1 (100), 288.1 
(8), 287.1 (22), 286.1 (80), 234.0 (15); 
 TLC: Rf 0.269 (Et2O/DCM, 4:1) [UV, KMnO4]; 
CHN: Anal. Calcd for C16H19NO4S (321.39):  C, 59.80; H, 5.96; N, 4.36%.  
Found:      C, 60.06; H, 5.93, N, 4.39% 
 
Preparation of (E)-dec-2-ene-1,5-diol (1.21r) [ZM-Feb17-02] 
 
Following the General Allylation Procedure II, 1.1r (120 μL, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (2.5 
172 
 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21r (119 mg, 70%) as a colorless oil with an E/Z ratio of 4:1. The 
spectroscopic data matched those from literature.38 
Data for 1.21r: 
 1H NMR: (500 MHz, CDCl3) 
5.80 – 5.66 (m, 2H, C(3)H, C(4)H), 4.12 (d, J = 4.0 Hz, 2H, C(5)H2), 3.78 – 3.56 
(m, 1H, C(1)H), 2.36 – 2.22 (m, 1H, C(2)Ha), 2.20 – 2.06 (m, 1H, C(2)Hb), 1.79 
– 1.68 (m, 2H, br C(1)OH, C(5)OH), 1.52 – 1.37 (m, 4H, C(2’)CH2, C(1’)CH2), 
1.38 – 1.19 (m, 4H, C(4’)H2, C(3’)H2), 0.99 – 0.81 (m, 3H, C(5’)H3); 
 13C NMR: (125 MHz, CDCl3) 
132.5, 128.9, 71.2, 63.6, 40.4, 37.0, 32.0, 25.5, 22.8, 14.2; 
 MS: (ESI) 170.6 (MH+, 4), 146.8 (7), 144.8 (18), 131.5 (17), 130.0 (29), 118.9 (70), 
104.9 (19); 
 TLC: Rf 0.299 (Et2O/DCM, 4:1) [KMnO4] 
 
Preparation of (E)-5-cyclohexylpent-2-ene-1,5-diol (1.21s) [ZM-Jan17-19] 
 
Following the General Allylation Procedure II, 1.1s (112 mg, 1.0 mmol), RuCl3 (13.0 mg, 0.05 
mmol, 0.05 equiv), TBACl (13.9 mg, 0.05 mmol, 0.05 wquiv), 1.20 (201 µL, 2.5 mmol, 2.5 
equiv), H2O (45 µL, 2.5 mmol, 2.5 equiv), Et3N (14 µL, 0.1 mmol, 0.1 equiv), and dioxane (1.25 
mL) were combined under 40 psi of CO at 75 °C for 24 h. Workup and purification by silica gel 
column chromatography (80 g SiO2, 4.5 x 13.5 cm column, Et2O/DCM (1:1 → 4:1 → 5% MeOH 
in Et2O)) provided 1.21s (45 mg, 24%) as a colorless oil. The spectroscopic data matched those 
from literature.39 
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Data for 1.21s: 
 1H NMR: (500 MHz, CDCl3) 
5.79-5.70 (m, 2H, C(4)H, C(3)H); 4.16-4.10 (m, 2H, C(5)H2); 3.42-3.37 (m, 1H, 
C(1)H); 2.34- 2.29 (m, 1H, C(1)OH); 2.17-2.11 (m, 1H, C(cyclohexyl)H); 1.87-
1.82 (m, 1H, C(cyclohexyl)H); 1.79-1.74 (m, 2H, C(2)H2); 1.70- 1.64 (m, 2H, 
C(cyclohexyl)H); 1.53 (s, 1H, br OH); 1.45-1.40 (m, 1H, C(cyclohexyl)H); 1.39-
1.32 (m, 1H, C(cyclohexyl)H); 1.29-0.97 (m, 5H, C(cyclohexyl)H); 
 13C NMR: (125 MHz, CDCl3) 
132.3, 129.6, 75.4, 63.4, 43.4, 37.2, 29.2, 28.4, 26.7, 26.4, 26.3; 
 MS: (ESI) 207.1 (MNa+, 100); 
 TLC: Rf 0.280 (Et2O/DCM, 4:1) [KMnO4] 
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4.4. EXPERIMENTS FOR CHAPTER 2 
General Enantioselective Allylation Procedure I (Tables 2.2, 2.3, 2.4, 2.5, 2.6 and 2.13). 
 
To a 10-mL, flat-bottomed, glass tube (1.5 x 6.5 cm) containing a Teflon-coated, magnetic 
stir bar were added, Ru chiral catalyst, dioxane, allyl pro-nucleophile, H2O, Et3N, biphenyl 
(internal standard), and aldehyde and when indicated an additional 6 mol % of the corresponding 
free ligand. The tube was placed in a six-well autoclave that allows six separate reactions to be 
conducted at the same time and the rubber septa removed. The autoclave was sealed and 
connected to a CO gas cylinder. The autoclave was charged with CO gas (40 psi) and pressure 
was released to a vented hood four times before the CO gas was maintained at the desired psi and 
all the valves were closed. The autoclave was mounted onto a magnetic stirrer that was 
connected to a temperature probe. The probe was inserted into the metal block of the autoclave. 
The temperature was set to 75 °C and stirring was started. The temperature reached the set 
temperature within 30 min and was maintained for the appropriate time. The autoclave was 
removed from the stirrer and chilled in an ice bath. The temperature reached ~20 °C within 40 
min. The outlet was connected to a vented hood and the pressure in the autoclave was gently 
released. The inlet was then connected to a nitrogen line. The system was purged by N2 (which 
was passed through a drying tube filled with Drierite) for 15 min before the autoclave was 
opened. FOR GC ANALYSIS: An aliquot (50 μL) of the reaction mixture was filtered through a 
0.5 x 1.0 cm plug of SiO2 into a GC vial using EtOAc (1.4 mL) as the eluent. The sample was 
then run on the GC using the method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 
°C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. FOR CHIRAL HPLC 
ANALYSIS: A small prep TLC was run in 1:4 Et2O:Hex and the evaporated crude reaction 
mixture (redissolved in DCM)was spotted across the baseline and developed. UV was used to 
visualize the compound (Rf 0.25) which was then scrapped off and the TLC residue filtered 
through a Kimwipe plug into a GC vial with 99:1 Hex:iPrOH. NP-HPLC enantiometic 
detemination was run with the following method: (IB-3, 220 nm, 100% 99:1 Hex:iPrOH @ 1.5 
mL/min (70 bar), 8 °C.) (R)-2.3a tR = 6.35 min (S)-2.3a tR = 7.53 min. 
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General Enantioselective Allylation Procedure II (Tables 2.10 and 2.11). 
 
To a 1-mL, round-bottomed, glass tube (0.5 x 5.5 cm) containing a Teflon-coated, magnetic 
stir bar was added Ru catalyst (6 mol % Ru), dioxane, allyl acetate, H2O, Et3N, and 
benzaldehyde and when indicated an additional 6 mol %, 12 mol %, or 30 mol % in Table 2.10 
OR 6.6 mol % of free ligand in Table 2.11. The tube was placed into a 2-tube holder which was 
in a six-well autoclave that allows twelve reactions (six pairs of reaction) to be conducted at the 
same time and the rubber septa removed. The autoclave was sealed and connected to a CO gas 
cylinder. The autoclave was charged with CO gas (40 psi) and pressure was released to a vented 
hood four times before the CO gas was maintained at the desired psi and all the valves were 
closed. The autoclave was mounted onto a magnetic stirrer that was connected to a temperature 
probe. The probe was inserted into the metal block of the autoclave. The temperature was set to 
75 °C and stirring was started. The temperature reached the set temperature within 30 min and 
was maintained for the appropriate time. The autoclave was removed from the stirrer and chilled 
in an ice bath. The temperature reached ~20 °C within 40 min. The outlet was connected to a 
vented hood and the pressure in the autoclave was gently released. The inlet was then connected 
to a nitrogen line. The system was purged by N2 (which was passed through a drying tube filled 
with Drierite) for 15 min before the autoclave was opened. FOR CHIRAL HPLC ANALYSIS: A 
small prep TLC was run in 1:4 Et2O:Hex and the evaporated crude reaction mixture (redissolved 
in DCM) was spotted across the baseline and developed. UV was used to visualize the compound 
(Rf 0.25) which was then scrapped off and the TLC residue filtered through a Kimwipe plug into 
a GC vial with 99:1 Hex:iPrOH. NP-HPLC enantiometic detemination was run with the 
following method: (IB-3, 220 nm, 100% 99:1 Hex:iPrOH @ 1.5 mL/min (70 bar), 8 °C.) (R)-
2.3a tR = 6.35 min (S)-2.3a tR = 7.53 min. 
 
 
 
 
 
176 
 
General Enantioselective Allylation Procedure III (Tables 2.14 through 2.16). 
 
To a 1-mL, round-bottomed, glass tube (0.5 x 5.5 cm) containing a Teflon-coated, magnetic 
stir bar was added Ru catalyst system (6 mol % Ru; RuCl2(DMSO)4 OR Ru3(CO)12/TBACl), 
dioxane, allyl acetate, H2O, variable amounts of Et3N, and benzaldehyde. The tube was placed 
into a 2-tube holder which was in a six-well autoclave that allows twelve reactions (six pairs of 
reaction) to be conducted at the same time and the rubber septa removed. The autoclave was 
sealed and connected to a CO gas cylinder. The autoclave was charged with CO gas (100 psi) 
and pressure was released to a vented hood four times before the CO gas was maintained at the 
desired psi (40-100 psi) and all the valves were closed. The autoclave was mounted onto a 
magnetic stirrer that was connected to a temperature probe. The probe was inserted into the metal 
block of the autoclave. The temperature was set to 75 °C and stirring was started. The 
temperature reached the set temperature within 30 min and was maintained for the appropriate 
time. The autoclave was removed from the stirrer and chilled in an ice bath. The temperature 
reached ~20 °C within 40 min. The outlet was connected to a vented hood and the pressure in the 
autoclave was gently released. The inlet was then connected to a nitrogen line. The system was 
purged by N2 (which was passed through a drying tube filled with Drierite) for 15 min before the 
autoclave was opened. FOR GC ANALYSIS: An aliquot (50 μL) of the reaction mixture was 
filtered through a 0.5 x 1.0 cm plug of SiO2 into a GC vial using EtOAc (1.4 mL) as the eluent. 
The sample was then run on the GC using the method: 75 °C for 0 minutes, 75 °C to 250 °C 
ramp at 30 °C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. FOR CHIRAL 
HPLC ANALYSIS: A small prep TLC was run in 1:4 Et2O:Hex and the evaporated crude 
reaction mixture (redissolved in DCM) was spotted across the baseline and developed. UV was 
used to visualize the compound (Rf 0.25) which was then scrapped off and the TLC residue 
filtered through a Kimwipe plug into a GC vial with 99:1 Hex:iPrOH. NP-HPLC enantiometic 
detemination was run with the following method: (IB-3, 220 nm, 100% 99:1 Hex:iPrOH @ 1.5 
mL/min (70 bar), 8 °C.) (R)-2.3a tR = 6.35 min (S)-2.3a tR = 7.53 min. 
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Effect of Exclusion of Et3N on Enantioselectivity (Table 2.7) [ZM-Mar15-15] 
 
As General Enantioselective Allylation Procedure I, except no Et3N was added to the 
reaction. 
 
Effect of Et3N loading on Enantioselectivity (Table 2.8) [ZM-Jun16-04] 
 
As General Enantioselective Allylation Procedure I, except the loading of Et3N was varied 
for each reaction. 
 
Effect of Temperature on Enantioselectivity (Table 2.9) [ZM-Mar15-16] 
 
As General Enantioselective Allylation Procedure I, except the reaction was run at 50 °C 
instead of 75 °C. 
 
Aldehyde Screen for Chiral Ru-complexes (Table 2.12) [ZM-Aug15-01] 
 
As General Enantioselective Allylation Procedure I, except the aldehyde 2.1b and 2.1c were 
employed instead of 2.1a. (R)-2.3b tR = 7.35 min (S)-2.3b tR = 8.53 min.; (R)-2.3c tR = 7.35 min 
(S)-2.3c tR = 8.53 min. 
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General Complexation Procedure (Cat 2.5b-Cat 2.5m). 
Following a procedure by Pinel et al.16 the ruthenium-bisoxazoline complexes were 
synthesized from either [RuCl2(pcymene)]2 or [RuCl2(benzene)]2 and the parent bisoxazoline 
ligand. The procedure is as follows: The ligand (2.2 equiv) and the ruthenium dimer were 
dissolved in degased methanol (0.5 mmole per 10 mL of MeOH) in the presence of a KPF6 salt 
(2.1 equiv) and stirred 16 h at room temperature. The solvent was then evaporated, taken up in 
DCM and passed through a celite filter and then recrystallized from hot DCM by slow addition 
of hot Et2O and after a turbidity was nearly persistent, placing into the freezer overnight to obtain 
yellow-orange cryastals that were filtered over a sintered glass funnel. 1H NMR assignments are 
based on analogy with Cat 2.5a and 2-dimensional spectra for the examples shown below. 
 
 
Cat 2.5b [ZM-Mar15-02] was isolated in 95% yield (162 mg) from 0.29 mmol (147 mg) of 
[RuCl2(benzene)]2. 
1H NMR: (CDCl3) 7.67 – 7.33 (m, 10H, C(2), C(3)), 6.66 (s, 1H, C(4)), 5.61 (dd, J = 10.1, 
6.4 Hz, 1H, C(5)), 5.37 (s, 7H, C(1), C(6)), 4.92 (t, J = 9.7 Hz, 1H, C(8)), 4.54 (t, J = 7.8 Hz, 1H, 
C(7)), 4.39 (d, J = 18.8 Hz, 2H C(9), C(10)), 3.86 (d, J = 19.7 Hz, 1H C(11)). 
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Cat 2.5c [ZM-Mar15-04] was isolated in 92% yield (302 mg) from 0.22 mmol (134 mg) of 
[RuCl2(pcymene)]2. 
1H NMR: (CDCl3) 7.41 – 7.21 (m, 10H, C(5,6)), 7.14 – 7.07 (m, 2H,C(1,2)), 5.86 (d, J = 6.0 
Hz, 1H, C(3)), 5.76 (dd, J = 15.1, 6.9 Hz, 3H, C(4), C(7,10), 4.81 (d, J = 6.5 Hz, 3H, (8,9,11)), 
4.42 – 4.25 (m, 3H, C(12), C(13), C(15)), 3.94 (d, J = 19.6 Hz, 1H, C(17)), 3.76 – 3.63 (m, 2H, 
C(18), C(14), 2.72 (dd, J = 14.7, 8.3 Hz, 1H, C(1)), 2.32 (s, 3H, C(5)), 1.40 (dd, J = 13.9, 6.9 Hz, 
6H, C(4,4’)). 
 
 
Cat 2.5g [ZM-Feb15-06] was isolated in 50% yield (140 mg) from 0.5 mmol (305 mg) of 
[RuCl2(pcymene)]2. 
1H NMR: (CDCl3) 6.82 (d, J = 5.5 Hz, 1H, C(1)), 5.64 (d, J = 5.2 Hz, 1H, C(2)), 5.58 (d, J = 
6.0 Hz, 1H, C(3)), 5.52 (d, J = 6.0 Hz, 1H, C(4)), 5.47 (d, J = 5.5 Hz, 1H, C(9)), 5.26 – 5.20 (m, 
2H, C(10), C(11)), 4.65 (dd, J = 10.4, 7.2 Hz, 2H, C(13), C(15)), 4.50 – 4.34 (m, 4H, C(12), 
C(14), C(15), C(16)), 3.15 – 3.02 (m, 1H, C(20), 2.65 (td, J = 7.0, 2.8 Hz, 1H, C(5)), 2.35 (s, 4H, 
C(17), C(8)), 2.29 (s, 1H), 1.07 (d, J = 6.7 Hz, 3H, C(18)), 0.98 (d, J = 7.0 Hz, 9H, C(19), C(21), 
C(22)), 0.87 (d, J = 7.2 Hz, 3H, C(6)), 0.48 (d, J = 6.6 Hz, 3H, C(7)). 
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4.5. EXPERIMENTS FOR CHAPTER 3 
Study of the iron-catalyzed allylation of aldedhyes reaction (Scheme 3.9.) 
 
Inside the glove box, the Fe source (10 mol %), and TBACl were added to a 1-mL test tube. 
A stir bar was added and the vial was sealed with a septum. A stock solution of biphenyl 
standard in the designated solvent (0.5 mL) was added via syringe. Allyl acetate (1.5 equiv), 
additives, and H2O were subsequently added before the addition of benzaldehyde (0.2 mmol) via 
syringe. The test tube was placed in an autoclave, where the reaction was stirred under CO 
atmosphere (variable psi) for 20 h at the indicated temperature. After purging the autoclave with 
nitrogen, the reaction was diluted with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, 
filtered through a silica plug and analyzed by GC using the following method: 75 °C for 0 
minutes, 75 °C to 250 °C ramp at 30 °C/minute, 250 °C for 6.2 minutes. Total run time is 12 
minutes. 
 
Results from DoE Study: 
CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
30 25 0 0 Acetonitrile Et3N [FeCp(CO)2]2 0 
30 25 10 1 Acetonitrile Et3N Fe(acac)3 0 
30 25 0 0 Acetonitrile BINAP Fe(acac)3 0 
30 25 0 1 Acetonitrile AsPh3 FeCl2 0 
30 25 10 0 Dioxane PPh3 [FeCp(CO)2]2 0 
30 25 10 1 Dioxane BINAP [FeCp(CO)2]2 0 
30 25 10 0 Dioxane 2,2'-bipyridine Fe(acac)3 0 
30 25 0 1 Dioxane Et3N Fe(acac)3 0 
30 25 0 0 DMF PPh3 Fe(acac)3 0 
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CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
30 25 10 0 DMF BINAP Fe(acac)3 0 
30 25 0 1 DMF AsPh3 Fe3(CO)12 0 
30 25 10 1 DMF Et3N Fe3(CO)12 0 
30 25 10 0.5 DMF PPh3 FeCl2 0 
30 25 0 0.5 DMF 2,2'-bipyridine FeCl2 0 
30 25 0 0 Ethanol Et3N Fe3(CO)12 0 
30 25 10 1 Ethanol AsPh3 FeCl2 0 
30 25 0 1 HFIP PPh3 [FeCp(CO)2]2 0 
30 25 10 0 HFIP Et3N [FeCp(CO)2]2 0 
30 25 10 1 HFIP AsPh3 Fe(acac)3 0 
30 25 0 0 HFIP 2,2'-bipyridine Fe3(CO)12 0 
30 25 5 1 HFIP BINAP FeCl2 0 
30 25 0 0.5 NMP BINAP [FeCp(CO)2]2 0 
30 25 0 1 NMP 2,2'-bipyridine Fe3(CO)12 0 
30 25 10 0 NMP Et3N Fe3(CO)12 0 
30 25 10 0 NMP 2,2'-bipyridine FeCl2 0 
210 25 0 0.5 Ethanol PPh3 Fe(acac)3 0 
210 25 0 0 DMF 2,2'-bipyridine Fe3(CO)12 0 
210 25 5 1 DMF AsPh3 FeCl2 0 
30 25 5 0 THF BINAP [FeCp(CO)2]2 0 
30 25 10 0.5 THF PPh3 Fe3(CO)12 0 
30 25 10 0 THF AsPh3 FeCl2 0 
120 25 10 1 Acetonitrile BINAP Fe3(CO)12 0 
120 25 5 0.5 Dioxane PPh3 Fe3(CO)12 0 
120 25 0 1 Dioxane 2,2'-bipyridine FeCl2 0 
120 25 0 0 Dioxane AsPh3 FeCl2 0 
120 25 10 0 Ethanol AsPh3 Fe3(CO)12 0 
120 25 0 0 HFIP Et3N FeCl2 0 
120 25 10 1 NMP PPh3 Fe(acac)3 0 
120 25 0 1 THF Et3N Fe3(CO)12 0 
120 25 0 0 THF PPh3 FeCl2 0 
210 25 10 0.5 Acetonitrile 2,2'-bipyridine [FeCp(CO)2]2 0 
210 25 5 1 Acetonitrile PPh3 [FeCp(CO)2]2 0 
210 25 0 0.5 Acetonitrile 2,2'-bipyridine [FeCp(CO)2]2 0 
210 25 10 0 Acetonitrile Et3N FeCl2 0 
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CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
210 25 10 0 Acetonitrile Et3N FeCl2 0 
210 25 10 0.5 Dioxane 2,2'-bipyridine [FeCp(CO)2]2 0 
210 25 10 1 Dioxane AsPh3 Fe(acac)3 0 
210 25 10 0 Dioxane BINAP Fe(acac)3 0 
210 25 0 1 Dioxane Et3N FeCl2 0 
210 25 10 1 Dioxane PPh3 FeCl2 0 
210 25 0 1 DMF PPh3 Fe3(CO)12 0 
210 25 10 0.5 DMF AsPh3 FeCl2 0 
210 25 10 0 Ethanol BINAP [FeCp(CO)2]2 0 
210 25 0 1 Ethanol BINAP [FeCp(CO)2]2 trace 
210 25 10 1 Ethanol 2,2'-bipyridine Fe3(CO)12 0 
210 25 0 0.5 Ethanol BINAP Fe3(CO)12 trace 
210 25 0 0 Ethanol 2,2'-bipyridine FeCl2 0 
210 25 10 1 HFIP 2,2'-bipyridine [FeCp(CO)2]2 0 
210 25 0 1 HFIP 2,2'-bipyridine Fe(acac)3 0 
210 25 10 0.5 HFIP Et3N Fe(acac)3 0 
210 25 10 0 HFIP AsPh3 Fe3(CO)12 0 
210 25 10 0 HFIP PPh3 Fe3(CO)12 0 
210 25 0 1 HFIP AsPh3 FeCl2 0 
210 25 10 0 NMP AsPh3 [FeCp(CO)2]2 0 
210 25 10 0 NMP AsPh3 [FeCp(CO)2]2 0 
210 25 0 0 NMP 2,2'-bipyridine Fe(acac)3 0 
210 25 0 1 NMP BINAP Fe(acac)3 0 
210 25 0 0 NMP 2,2'-bipyridine Fe(acac)3 0 
210 25 0 1 THF Et3N FeCl2 0 
210 25 10 1 THF Et3N [FeCp(CO)2]2 0 
210 25 0 0.5 NMP BINAP [FeCp(CO)2]2 0 
210 25 0 0 THF AsPh3 Fe3(CO)12 0 
210 25 10 0 THF 2,2'-bipyridine Fe3(CO)12 0 
75 50 2.5 0.5 Acetonitrile AsPh3 Fe(acac)3 0 
75 50 2.5 0.75 Dioxane AsPh3 Fe3(CO)12 0 
75 50 7.5 0.75 DMF PPh3 Fe3(CO)12 0 
75 50 7.5 0.75 Ethanol 2,2'-bipyridine [FeCp(CO)2]2 0 
75 50 5 0.75 Ethanol Et3N FeCl2 0 
75 50 7.5 0.5 HFIP PPh3 Fe(acac)3 0 
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CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
75 50 5 0.25 NMP PPh3 FeCl2 0 
75 50 2.5 0.75 THF Et3N Fe(acac)3 0 
75 50 5 0.75 THF BINAP FeCl2 0 
165 50 7.5 0.25 DMF BINAP [FeCp(CO)2]2 0 
165 50 2.5 0.25 Sulfolane 2,2'-bipyridine Fe3(CO)12 1 
165 50 7.5 0.75 THF 2,2'-bipyridine FeCl2 0 
30 75 10 1 Ethanol BINAP Fe(acac)3 0 
30 75 10 1 Ethanol BINAP Fe(acac)3 0 
30 75 10 0 NMP AsPh3 Fe(acac)3 0 
30 75 0 0 Sulfolane BINAP FeCl2 0 
30 75 0 0 THF AsPh3 Fe(acac)3 0 
75 75 2.5 0.25 Dioxane AsPh3 [FeCp(CO)2]2 0 
75 75 2.5 0.75 NMP AsPh3 Fe(acac)3 0 
120 75 10 0.5 Acetonitrile PPh3 Fe3(CO)12 0 
120 75 5 0.5 Dioxane BINAP [FeCp(CO)2]2 0 
120 75 10 0.5 DMF AsPh3 [FeCp(CO)2]2 0 
120 75 2.5 0.5 Ethanol Et3N Fe(acac)3 0 
120 75 2.5 0.5 NMP PPh3 [FeCp(CO)2]2 0 
120 75 10 0.5 NMP PPh3 Fe3(CO)12 0 
120 75 0 0.5 Sulfolane 2,2'-bipyridine [FeCp(CO)2]2 0 
120 75 5 0 Sulfolane AsPh3 FeCl2 0 
165 75 5 0.5 DMF PPh3 [FeCp(CO)2]2 0 
165 75 5 0.5 HFIP PPh3 [FeCp(CO)2]2 0 
165 75 2.5 0.25 HFIP Et3N Fe3(CO)12 0 
165 75 2.5 0.75 Sulfolane PPh3 FeCl2 0 
210 75 10 1 Acetonitrile 2,2'-bipyridine [FeCp(CO)2]2 0 
210 75 0 0 Acetonitrile PPh3 FeCl2 0 
210 75 0 0 Dioxane 2,2'-bipyridine [FeCp(CO)2]2 0 
210 75 10 1 Dioxane Et3N Fe3(CO)12 2 
210 75 0 0 DMF PPh3 Fe(acac)3 0 
210 75 0 0 Ethanol AsPh3 Fe(acac)3 0 
210 75 10 1 THF AsPh3 [FeCp(CO)2]2 0 
75 100 2.5 0.75 Acetonitrile AsPh3 Fe3(CO)12 3 
75 100 2.5 0.75 DMF BINAP FeCl2 0 
75 100 7.5 0.25 HFIP Et3N Fe(acac)3 0 
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CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
75 100 2.5 0.5 NMP 2,2'-bipyridine [FeCp(CO)2]2 0 
75 100 2.5 0.25 Sulfolane AsPh3 Fe3(CO)12 3 
120 100 2.5 0.25 HFIP AsPh3 Fe(acac)3 0 
120 100 2.5 0.25 THF Et3N [FeCp(CO)2]2 0 
120 100 5 0.5 THF PPh3 Fe(acac)3 0 
165 100 7.5 0.75 Acetonitrile Et3N Fe3(CO)12 5 
165 100 2.5 0.25 Acetonitrile 2,2'-bipyridine FeCl2 0 
165 100 7.5 0.5 DMF Et3N Fe(acac)3 0 
165 100 7.5 0.5 Ethanol AsPh3 [FeCp(CO)2]2 0 
165 100 2.5 0.5 Sulfolane Et3N Fe(acac)3 0 
30 125 10 0 Acetonitrile AsPh3 [FeCp(CO)2]2 0 
30 125 0 1 Acetonitrile BINAP [FeCp(CO)2]2 0 
30 125 0 0.5 Acetonitrile BINAP FeCl2 0 
30 125 10 0.5 Acetonitrile 2,2'-bipyridine FeCl2 0 
30 125 5 0 Dioxane PPh3 Fe(acac)3 0 
30 125 0 1 Dioxane PPh3 Fe3(CO)12 1 
30 125 10 0.5 Dioxane BINAP Fe3(CO)12 4 
30 125 10 1 Dioxane Et3N FeCl2 0 
30 125 0 1 DMF Et3N [FeCp(CO)2]2 0 
30 125 5 1 DMF 2,2'-bipyridine Fe(acac)3 0 
30 125 0 0 DMF 2,2'-bipyridine Fe3(CO)12 3 
30 125 5 0 DMF Et3N FeCl2 0 
30 125 0 0 Ethanol PPh3 [FeCp(CO)2]2 0 
30 125 0 1 Ethanol PPh3 Fe3(CO)12 1 
30 125 10 0 Ethanol BINAP FeCl2 0 
30 125 0 1 Ethanol 2,2'-bipyridine FeCl2 0 
30 125 0 0 HFIP AsPh3 [FeCp(CO)2]2 0 
30 125 10 1 HFIP 2,2'-bipyridine Fe3(CO)12 0 
30 125 5 0 HFIP BINAP Fe3(CO)12 0 
30 125 0 0.5 HFIP PPh3 FeCl2 0 
30 125 0 0 NMP Et3N Fe(acac)3 0 
30 125 0 0 NMP AsPh3 Fe3(CO)12 6 
30 125 10 1 NMP AsPh3 FeCl2 0 
30 125 10 1 Sulfolane PPh3 [FeCp(CO)2]2 0 
30 125 10 0 Sulfolane BINAP Fe(acac)3 0 
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CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
30 125 0 0 Sulfolane Et3N [FeCp(CO)2]2 0 
30 125 0 1 Sulfolane BINAP Fe3(CO)12 5 
30 125 10 0 THF 2,2'-bipyridine [FeCp(CO)2]2 0 
30 125 0 1 THF AsPh3 [FeCp(CO)2]2 1 
30 125 10 0 THF Et3N Fe3(CO)12 1 
30 125 5 0 THF 2,2'-bipyridine FeCl2 0 
120 125 10 1 Acetonitrile BINAP Fe(acac)3 0 
120 125 0 1 Acetonitrile AsPh3 Fe(acac)3 0 
120 125 0 1 Acetonitrile Et3N FeCl2 0 
120 125 0 0 Dioxane PPh3 Fe3(CO)12 0 
120 125 10 1 Dioxane BINAP FeCl2 0 
120 125 5 0.5 DMF AsPh3 Fe(acac)3 0 
120 125 10 0 Ethanol 2,2'-bipyridine Fe(acac)3 0 
120 125 10 0 Ethanol PPh3 FeCl2 0 
120 125 0 0 HFIP BINAP Fe(acac)3 0 
120 125 10 1 NMP BINAP Fe3(CO)12 4 
120 125 5 0.5 Sulfolane Et3N Fe3(CO)12 9 
120 125 0 1 THF 2,2'-bipyridine Fe(acac)3 0 
210 125 5 0 Acetonitrile PPh3 [FeCp(CO)2]2 1 
210 125 10 0 Acetonitrile BINAP Fe3(CO)12 6 
210 125 10 1 Acetonitrile AsPh3 FeCl2 0 
210 125 0 1 Dioxane BINAP Fe(acac)3 0 
210 125 10 0 Dioxane Et3N Fe3(CO)12 1 
210 125 0 0 Dioxane Et3N FeCl2 0 
210 125 10 1 DMF 2,2'-bipyridine [FeCp(CO)2]2 0 
210 125 0 0 DMF AsPh3 [FeCp(CO)2]2 0 
210 125 0 1 DMF BINAP Fe3(CO)12 4 
210 125 10 0 DMF PPh3 Fe3(CO)12 1 
210 125 5 1 Ethanol Et3N FeCl2 1 
210 125 10 0 Ethanol AsPh3 Fe3(CO)12 1 
210 125 0 0 Ethanol 2,2'-bipyridine Fe3(CO)12 1 
210 125 0 0.5 Ethanol BINAP [FeCp(CO)2]2 1 
210 125 0 1 HFIP BINAP [FeCp(CO)2]2 0 
210 125 10 1 HFIP PPh3 Fe(acac)3 0 
210 125 10 0 HFIP 2,2'-bipyridine FeCl2 0 
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CO 
Pressure 
Temp 
(°C) 
Water 
Loading 
TBACl 
Loading 
Solvent Additive Iron Catalyst Yield 
210 125 10 1 HFIP Et3N FeCl2 0 
210 125 10 0.5 NMP BINAP [FeCp(CO)2]2 0 
210 125 10 0 NMP Et3N [FeCp(CO)2]2 0 
210 125 10 1 NMP 2,2'-bipyridine Fe(acac)3 0 
210 125 0 0 NMP PPh3 Fe(acac)3 0 
210 125 0 1 NMP Et3N Fe3(CO)12 4 
210 125 0 0 NMP BINAP FeCl2 0 
210 125 10 1 Sulfolane AsPh3 Fe(acac)3 0 
210 125 10 0 Sulfolane PPh3 Fe(acac)3 0 
210 125 5 0 THF 2,2'-bipyridine Fe(acac)3 0 
210 125 10 1 THF BINAP Fe(acac)3 0 
210 125 0 1 THF PPh3 Fe3(CO)12 1 
210 125 0 1 THF PPh3 Fe3(CO)12 1 
210 125 10 0 THF AsPh3 FeCl2 1 
 
 
Use of ligated iron carbonyl complex (Table 3.1) [ZM-Jun15-14] 
 
Inside the glove box, the Cat 3.1 (10 mol %) was added to a 1-mL test tube. A stir bar was 
added and the vial was sealed with a septum. A stock solution of allyl acetate (1.5 equiv), Et3N, 
H2O (1.5 equiv), and biphenyl standard in the designated solvent (0.5 mL) was added via 
syringe. Each additive was subsequently added before the addition of benzaldehyde (0.2 mmol) 
via syringe. The test tube was placed in an autoclave, where the reaction was stirred under CO 
atmosphere (120 psi) for 20 h at 125 °C. After purging the autoclave with nitrogen, the reaction 
was diluted with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, filtered through a silica plug 
and analyzed by GC using the following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 
30 °C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. 
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Initial use of iridium photocatalysts (Table 3.2) [ZM-Oct15-13] 
 
Inside the glove box, the Ir cat (5 mol %) was added to a 1 dram vial. A stir bar was added 
and the vial was sealed with a septum. To the vial was added buffer solution (phosphate buffer 
pH=7, 0.1 M) allyl acetate (1.5 equiv) and biphenyl standard in the designated solvent (0.5 mL) 
via syringe before the addition of benzaldehyde (0.2 mmol) via syringe. The test tube was placed 
in a glass Fischer-Porter tube, which was purged with CO (3 x 100 psi). A fourth fill gave a CO 
atmosphere (100 psi) for 20 h at RT. The tube was then placed into a light box with a 500 W 
work lamp directed towards it. To control the temperature, forced air/N2 were passed over the 
tube. After purging the autoclave with nitrogen, the reaction was diluted with EtOAc (0.5 mL). A 
0.2 mL aliquot was withdrawn, filtered through a silica plug and analyzed by GC using the 
following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 °C/minute, 250 °C for 6.2 
minutes. Total run time is 12 minutes. 
 
Effect of dioxane/buffer solvent mixture on 3.3 conversion (Table 3.3) [ZM-Oct15-15,16 & 
ZM-Nov15-01,02,03,05,07] 
 
Inside the glove box, [IrCp*(bpy)Cl]Cl (5 mol %) was added to a 1 dram vial. A stir bar was 
added and the vial was sealed with a septum. To the vial was added a dioxane solution of allyl 
acetate (1.5 equiv) and biphenyl standard in dioxane (0.5 mL) via syringe before the addition of 
benzaldehyde (0.2 mmol) via syringe followed by phosphate buffer (pH=7, 0.1 M). The test tube 
was placed in a glass Fischer-Porter tube, which was purged with CO (3 x 100 psi). A fourth fill 
gave a CO atmosphere (100 psi) for 20 h at RT. The tube was then placed into a light box with a 
500 W work lamp directed towards it. To control the temperature, forced air/N2 were passed over 
the tube. After purging the autoclave with nitrogen, the reaction was diluted with EtOAc (0.5 
mL). A 0.2 mL aliquot was withdrawn, filtered through a silica plug and analyzed by GC using 
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the following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 °C/minute, 250 °C for 
6.2 minutes. Total run time is 12 minutes. 
 
Dual catalyst approach under ruthenium-catalyzed allylation conditions (Table 3.4) [ZM-
Nov15-10,11] 
 
Inside the glove box, [IrCp*(bpy)Cl]Cl (5 mol %) and/or Ru Cat (6 mol % Ru) (and in the 
case of Ru3(CO)12, 6 mol % TBACl too) was added to a 1 dram vial. A stir bar was added and 
the vial was sealed with a septum. To the vial was added a dioxane solution of allyl acetate (1.5 
equiv), H2O (1.5 equiv), Et3N (0.1 equiv), and biphenyl standard in dioxane (0.5 mL) via syringe 
before the addition of benzaldehyde (0.2 mmol) via syringe. The test tube was placed in a glass 
Fischer-Porter tube, which was purged with CO (3 x 100 psi). A fourth fill gave a CO 
atmosphere (100 psi) for 20 h at RT. The tube was then placed into a light box with LED lights 
inset into the top of the box. To control the temperature, forced air/N2 were passed over the tube. 
After purging the autoclave with nitrogen, the reaction was diluted with EtOAc (0.5 mL). A 0.2 
mL aliquot was withdrawn, filtered through a silica plug and analyzed by GC using the following 
method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 °C/minute, 250 °C for 6.2 minutes. 
Total run time is 12 minutes. 
 
Dual catalyst approach under iridium photocatalyst conditions (Table 3.5) [ZM-Nov15-
10,11] 
 
Inside the glove box, [IrCp*(bpy)Cl]Cl (5 mol %), Ru Cat (6 mol % Ru) (and in the case of 
Ru3(CO)12, 6 mol % TBACl too), and bpy (if indicated) were added to a 1 dram vial. A stir bar 
was added and the vial was sealed with a septum. To the vial was added a dioxane solution of 
allyl acetate (1.5 equiv) and biphenyl standard in dioxane (0.5 mL) via syringe before the 
addition of benzaldehyde (0.2 mmol) via syringe followed by phosphate buffer (pH=7, 0.1 M). 
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The test tube was placed in a glass Fischer-Porter tube, which was purged with CO (3 x 100 psi). 
A fourth fill gave a CO atmosphere (100 psi) for 20 h at RT. The tube was then placed into a 
light box with LED lights inset into the top of the box. To control the temperature, forced air/N2 
were passed over the tube. After purging the autoclave with nitrogen, the reaction was diluted 
with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, filtered through a silica plug and 
analyzed by GC using the following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 
°C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. 
 
Use of ruthenium photocatalysts under normal allylation conditions (Table 3.6) [ZM-
May15-12] 
 
Inside the glove box, Ru Cat (6 mol % Ru) was added to a 1-mL test tube. A stir bar was 
added and the vial was sealed with a septum. A stock solution of allyl acetate (1.5 equiv), Et3N, 
H2O (1.5 equiv), and biphenyl standard in dioxane (0.5 mL) was added via syringe. Each 
additive was subsequently added before the addition of benzaldehyde (0.2 mmol) via syringe. 
The test tube was placed in an autoclave, where the reaction was stirred under CO atmosphere 
(40 psi) for 20 h at 75 °C. After purging the autoclave with nitrogen, the reaction was diluted 
with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, filtered through a silica plug and 
analyzed by GC using the following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 
°C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. 
 
Effect of solvent/buffer solvent mixture on 3.3 conversion (Table 3.7) [ZM-Dec15-
08,09,10,11] 
 
Inside the glove box, Ru(bpy)(CO)2Cl2 (6 mol % Ru) was added to a 1 dram vial. A stir bar 
was added and the vial was sealed with a septum. To the vial was added a dioxane solution of 
allyl acetate (1.5 equiv) and biphenyl standard in the respective solvent (0.5 mL) via syringe 
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before the addition of benzaldehyde (0.2 mmol) via syringe followed by phosphate buffer (pH=7, 
0.1 M). The test tube was placed in a glass Fischer-Porter tube, which was purged with CO (3 x 
100 psi). A fourth fill gave a CO atmosphere (100 psi) for 20 h at RT. The tube was then placed 
into a light box with LED lights inset into the top of the box. To control the temperature, forced 
air/N2 were passed over the tube. After purging the autoclave with nitrogen, the reaction was 
diluted with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, filtered through a silica plug and 
analyzed by GC using the following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 
°C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. 
 
Effect of stronger LED source on 3.3 conversion (Table 3.8) [ZM-Jan16-03] 
 
Inside the glove box, Ru(bpy)(CO)2Cl2 (6 mol % Ru) was added to a 1 dram vial. A stir bar 
was added and the vial was sealed with a septum. To the vial was added a dioxane solution of 
allyl acetate (1.5 equiv) and biphenyl standard in dioxane (0.5 mL) via syringe before the 
addition of benzaldehyde (0.2 mmol) via syringe followed by phosphate buffer (pH=7, 0.1 M). 
The test tube was placed in a glass Fischer-Porter tube, which was purged with CO (3 x 100 psi). 
A fourth fill gave a CO atmosphere (100 psi) for 20 h at RT. The tube was then placed into a 
light box with a work LED lamp inset into the the box. To control the temperature, forced air/N2 
were passed over the tube. After purging the autoclave with nitrogen, the reaction was diluted 
with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, filtered through a silica plug and 
analyzed by GC using the following method: 75 °C for 0 minutes, 75 °C to 250 °C ramp at 30 
°C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. 
 
Scheme 3.10. [ZM-Jan16-05L] 
 
Inside the glove box, Ru(bpy)(CO)2Cl2 (6 mol % Ru) was added to a 1-mL test tube.  A stir 
bar was added and the vial was sealed with a septum. To the vial was added a dioxane solution of 
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allyl acetate (1.5 equiv) and biphenyl standard in dioxane (0.5 mL) via syringe before the 
addition of benzaldehyde (0.2 mmol) via syringe followed by phosphate buffer (pH=7, 0.1 M). 
The test tube was placed in an autoclvave, which was purged with CO (3 x 100 psi). A fourth fill 
gave a CO atmosphere (100 psi) for 20 h at RT. After purging the autoclave with nitrogen, the 
reaction was diluted with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, filtered through a 
silica plug and analyzed by GC using the following method: 75 °C for 0 minutes, 75 °C to 250 
°C ramp at 30 °C/minute, 250 °C for 6.2 minutes. Total run time is 12 minutes. 
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Appendix A:  
Further investigations into the role of amine in the ruthenium-
catalyzed allylation of aldehydes via the Water-Gas Shift reaction 
 
A.1. PRIOR WORK ON ROLE OF AMINE 
The exact role of the amine in the ruthenium-catalyzed allylation of aldehydes was not 
determined in the original publication.1 It was theorized that the role of amine was to act as a 
base to remove extraneous acid from the reduction of the RuCl3 pre-catalyst or to buffer the 
reaction medium as acetic acid was generated. This is in stark contrast to the origins of the 
reaction where the amine was the terminal reductant.2 A study on the impact of the type of amine 
added to the reaction was completed (Table A.1). Most importantly, the lack of reactivity of 
quinuclidine was used as evidence for the role of the amine not being a hydride donor. 
 
TABLE A.1. Survey of Amine Bases 
 
Entry Amine 
Yield 1.3a 
(%)a 
 
1 Pyridine 0 
2 DIPEA 100 
3 DIPA 89 
4 Quinuclidine 94 
5 Quinine 62b 
6 Sparteine  97b 
a Isolated Yield. b No enantioenrichment of product observed. 
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Following this study, a screen of ruthenium sources and amine/additive loadings was 
initiated (Table A.2). It was clearly seen that amine is absolutely necessary for the reaction 
employing RuCl3 to progress and to a lesser extent was beneficial in the use of a ruthenium π-
allyl. However, amine was NOT required for an efficient reaction when Ru3(CO)12 was 
combined with TBACl. This catalyst system would still generate the stoichiometric amount of 
AcOH, with little detriment to be observed in the exclusion amine. Even more importantly, the 
loading of the amine plays a significant role in the use of RuCl3 as an equimolar amount of 
amine w.r.t ruthenium did not generate any product A.3.  
 
TABLE A.2. Survey of Ruthenium Catalysts and Reaction Additives 
 
Entry 
Ruthenium 
Catalyst 
Et3N 
(equiv) 
TBACl 
(equiv) 
Yield 
1.3aa (%) 
1 RuCl3•nH2Ob 0.03 0 0 
2 RuCl3•nH2Ob 0.10 0 100 
3 RuCl3•nH2Ob 1.0 0 68 
4 allylRu(CO)3Br 0 0 12 
5 allylRu(CO)3Br 0.1 0 93 
6 allylRu(CO)3OAc 0 0 43 
7 allylRu(CO)3OAcb 0.1 0 70 
8 allylRu(CO)3OAcb 0 0.03 81 
9 allylRu(CO)3OAcb 0.1 0.03 82 
10 Ru3(CO)12b 0.1 0 15 
11 Ru3(CO)12b 0.1 0.03 78 
12 Ru3(CO)12b 0 0.1 80 
a 1H NMR yield.b CO pressure was 35 psi and 1.2 equiv allyl acetate 1.2. 
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A.2. VARIANCE OF AMINE LOADING 
With these observations in mind and the desire to fully elucidate the role of the amine in the 
reaction, a more fine-tuned screen of Et3N loadings was undertaken (Table A.3). A clear 
turnover point was observed between 3.5 and 4.0 mol % Et3N where A.3 conversion went from 
only 2% to 85%. 
 
TABLE A.3. Survey amine loadings with RuCl3
a 
 
Entry 
Et3N 
(mol %) 
A.1 Recovery 
(%) 
 A.3 Conversion 
(%) 
1 0 94 0 
2 1.0 91 <1 
3 2.5 92 <1 
4 2.5 93 2 
5 3.0 97 3 
6 3.5 98 2 
7 4.0 18 85 
8 4.5 6 94 
9 5.0 5 79 
10 10 1 80 
12 20 1 79 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
 
This survey was conducted again with another ruthenium source, [RuCl2(pcymene)]2 (Table 
A.4). Again, a clear turnover point was observed between 2.0 and 2.5 mol % Et3N. Furthermore, 
the change was a little more gradual than with RuCl3. 
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TABLE A.4. Survey amine loadings with [RuCl2(pcymene)]2
a 
 
Entry 
Et3N 
(mol %) 
A.1 Recovery 
(%) 
 A.3 Conversion 
(%) 
1 0 94 <1 
2 1.0 80 10 
3 1.5 75 15 
4 2.0 80 16 
5 2.5 1 83 
6 3.0 1 100 
7 4.0 0 100 
8 6.0 1 100 
a Determined by GC using biphenyl (0.48 equiv) as the internal standard. 
A.3. STOICHIOMETRIC REACTIONS OF AMINES 
To gain additional information into the role of amine, a stoichiometric reaction between 
RuCl3 and dicyclohexyl amine was run (Scheme A.1). Interestingly, 52% of cyclohexanone was 
observed in the reaction analysis by GC-MS (single point calibration). 
 
SCHEME A.1. 
 
A.4. ROLE OF AMINE 
Based on the evidence obtained in the course of these reactions, it is highly likely that the 
role of amine in the reaction is to aid in the reduction of RuIII to Ru0 so the catalytic cycle can 
begin. The evidence for this is as follows: 
1) If amine is acting as a reductant in the reaction, then it should only be required for high 
oxidation states of ruthenium. Ru3(CO)12 is able to function without added amine (as long 
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as a soluble halide is present) and does not need to be reduced to Ru0. However both a 
RuIII and Ru
II source did not react in the absence of added amine. 
2) The amount of amine corresponds well to the reduction equivalents to reduce each high-
oxidation ruthenium source to Ru0. For RuCl3 to Ru
0, 1.5 molar equivalents of Et3N are 
required. The following equations highlight this point: 
 
For the full reduction of RuCl3 to Ru
0: 
 2 e- + RuIIICl3  RuICl + 2 Cl- 
1/2 ( RuICl + RuICl  Ru0 + RuIICl2 ) 
1/2 ( 2 e- + RuIICl2  Ru0 + 2 Cl-  ) 
 3 e- + RuIIICl3  Ru0 + 3 Cl- 
 
Reducing equivalents of Et3N needed: 
1.5 (  Et3N  
 
+ H+ + 2 e- ) =  3 e- 
 
Therefore, as Table A.3 shows, a requirement of around 4.5 mol % Et3N for activity 
when 3 mol % of RuCl3 is used, this equates to the 1.5 reducing equivalents of Et3N needed. 
This same logic can be applied to the use of [RuCl2(pcymene)]2 in a Ru
II to Ru0 
reduction and the 1 molar equivalent of Et3N is required. The more gradual turning point is 
due to some Ru0 being formed in the initial reduction from RuII to Ru0 even with low 
loadings of Et3N. Whereas RuCl3 needs almost a full equimolar equivalent of Et3N before 
any appreciable Ru0 can be formed, that corresponds to the turnover being slightly before 4.0 
mol % Et3N. 
 
3) The oxidation of the amine should lead to the formation of the iminium ion, which under 
the hydrated conditions for the reaction, should covert to the carbonyl compound. The 
use of dicylohexyl amine and subsequent observation of cyclohexanone demonstrates this 
very fact. Furthermore, the 52% conversion to cyclohexanone corresponds to the 
consumption of 0.21 mmol of amine or 1.72 equivalents or about the 1.5 reducing 
equivalents required for the full reduction of RuCl3 to a Ru
0 species. 
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These three points taken together give good evidence for the role of amine in the reaction 
being the means by which the higher oxidation states of ruthenium enter the catalytic cycle. The 
action of the WGSR can also contribute to this reduction as the use of RuCl3 in other WGSR-
driven reactions is well precedented.3 The remaining conundrum, however, is the fact that 
quinuclidine is active in the reaction and enables RuCl3 to function despite quinuclidine not 
being able to act as a hydride donor. Instead, a possible mechanism for the operation of 
quinuclidine is that of electron transfer to reduce the ruthenium oxidation state. Additional 
stoichiometric experiments with quinuclidine and isolation of any byproducts, as was done with 
dicyclohexyl amine, could reveal insight into the action of quinuclidine.  
 
A.5. EXPERIMENTAL SECTION 
Procedure for Table A.3 and Table A.4 (ZM-Feb16-1013) 
Inside the glove box, the Ru cat (3 mol %) was added to an oven-dried 10-mL flat-bottomed 
test tune. A stir bar was added and the vial was sealed with a septum. To the vial was added a 
stock solution of allyl acetate (1.5 equiv), H2O (1.5 equiv), and biphenyl standard (0.48 equiv) in 
dioxane (0.5 mL) via syringe. Next a specific amount of a stock solution of Et3N in dioxane was 
added via syringe to the required loading. Additional solvent was added to have a total 
concentration of 0.4 M. Then addition of benzaldehyde (0.4 mmol) via syringe. The test tube was 
placed in an autoclave, septa removed, and the autoclave purged with CO (3 x 100 psi) until 
holding a fourth time at 40 psi and stirred for 20 h at 75 °C. After purging the autoclave with 
nitrogen, the reaction was diluted with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, 
filtered through a silica plug and analyzed by GC using the following method: 75 °C for 0 
minutes, 75 °C to 250 °C ramp at 30 °C/minute, 250 °C for 6.2 minutes. Total run time is 12 
minutes. 
 
Stoichiometric reaction of RuCl3 and dicylohexyl amine (ZM-Mar16-01C) 
Inside the glove box, RuCl3 (30 mg, 0.12 mnmol) was added to an oven-dried 10-mL flat-
bottomed test tune. A stir bar was added and the vial was sealed with a septum. To the vial was 
added a stock solution of H2O (1.5 equiv) and biphenyl standard (0.48 equiv) in dioxane (1.0 
mL) via syringe. Next dicyclohexyl amine (3.33 equiv) was added via syringe. The test tube was 
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placed in an autoclave, septa removed, and the autoclave purged with CO (3 x 100 psi) until 
holding a fourth time at 40 psi and stirred for 20 h at 75 °C. After purging the autoclave with 
nitrogen, the reaction was diluted with EtOAc (0.5 mL). A 0.2 mL aliquot was withdrawn, 
filtered through a silica plug and analyzed by GC-MS. Single point calibration of cyclohexanone 
and biphenyl was used to determine the conversion to cyclohexanone. 
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